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SUMMARY 


Convergent and parallel flow nozzles were used with room tempera- 
ture air to investigate the flow and acoustic characteristics over 
a Mach number range of 0.6 to 1.5. For subsonic jet Mach numbers 
the core region extended over 4 to 5 diameters, depending on the 
turbulence level, and the velocity decreased as x~l in the fully 
developed subsonic turbulent flow. For supersonic jet Mach num- 
bers the sonic location on the axis increased as M?, and the velo- 
city decayed in the subsonic region as x"l. Peak impact pressure 
fluctuations on the axis occurred at 9 diameters for subsonic jets, 
and the pressure fluctuations decreased as x -1 *74 for the turbu- 
lent region. For supersonic jets the peak pressure fluctuations 
occurred just ahead of the sonic point. 


For subsonic jets the, maximum sound pressure levels occurred at 
19.1° from the axis and the sound pressure level decreased mono- 
tonically with increasing angle. But for supersonic jets the 
sound pressure was nearly constant over most of angular positions. 
The power spectra for subsonic jets were similar with the peak 
occurring at 4 KHz and for a Mach 1.4 jet the peak occurred at 5 
KHz. Near field sound pressure level distributions were quite 
similar for subsonic jets, but for supersonic jets the distri- 
butions were quite different. Overall sound power levels were 
compared with the subsonic theory of Lighthill and supersonic 
theory of Nagamatsu and Horvay. The exponents a and 6 in this 
theory were evaluated for parallel and convergent nozzles as 
functions of the jet Mach number. 


Mean and fluctuating velocity contours wer;e determined for a con- 
vergent nozzle with the impact and piezoelectric impact pressure 
gage probes for Mach numbers of 0.6 to 1.4. For subsonic Mach 
numbers the peak pressure fluctuations occurred in a toroidal 
region located 4 to 6 diameters from the nozzle. But for super- 
sonic Mach numbers the peak impact pressure fluctuations occurred 
close to the sonic velocity contour. Contours for the constant 
rms static pressure fluctuations were determined at Mach numbers 
of 0.6 to 1.4, and for subsonic Mach numbers were similar with 
the peak fluctuations occurring close to r/rg = 1.0 near the noz- 
zle exit. For supersonic Mach numbers the contours of static 
pressure fluctuations were quite different than the contours for 
subsonic Mach numbers. Hot-wire and laser doppler velocimeter 
methods were used to calibrate the piezoelectric impact and 
static pressure probes. 

A supersonic suppressor of 191 tubes and shrouds was investigated 
at Mach numbers of 1.4 and 0.7. The primary jet Mach number was 
drastically decreased, and the rms impact and static pressure 
fluctuations on the axis were also reduced from the values existing 
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for a single nozzle. For a Mach 1.4 jet the noise level was re- 
duced 15.3 db with 191 tubes and 20.5 db with the . shrouds . And 
the corresponding reductions for a Mach 0.7 jet were 4.5 db and 
7.8 db respectively. A single long, shroud and six rods indicated 
large reductions in the jet velocity at the shroud exit with and 
without induced flow. For a Mach 1.4 jet the noise level was 
reduced 14.2 db with induced flow and 4.5 db without induced flow. 
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1.0 INTRODUCTION 


With the development of supersonic transports and military air- 
crafts, the supersonic exhaust velocities have made the problem 
of jet noise during take-offs quite critical without suppression 
devices at airports located in the metropolitan areas. Basic in- 
formation regarding the noise generation mechanisms and suppression 
phenomena are required for the development of efficient suppressors 
for supersonic jets. Only limited experimental data was available 
for plain jets with supersonic exhaust Mach numbers, and also the 
available flow and acoustic information on the methods of reducing 
the noise from high velocity jets was limited. To obtain basic 
flow and acoustic knowledge for subsonic and supersonic jets a 
theoretical and experimental investigation was initiated several 
years ago and some of the results are presented in Refs. 1-10 
for both plain supersonic jets and with suppressors. Various 
supersonic jet noise suppressor configurations were selected to 
obtain fundamental information regarding the necessary flow modi- 
fications to achieve large noise suppression. 

Initial investigations were conducted to determine the flow and 
acoustic characteristics of subsonic and supersonic jets produced 
with a convergent nozzle. The flow velocity and the impact pres- 
sure fluctuations were determined over a jet Mach number range of 
0.6 to 1.4 for a 2 in. diameter convergent nozzle in Ref. 4. Also, 
the near- and far- field sound pressure levels were determined for 
subsonic and supersonic Mach numbers, and from the far-field micro- 
phone measurements the sound power spectra were determined for 
various jet Mach numbers. It was observed from these results that 
the core region for subsonic jets extended over the initial five 
diameters from the nozzle exit, as observed also by other investi- 
gatorsll”15 f and i n the fully developed turbulent jet flow the 
velocity decreased inversely as the distance. For supersonic jet 
Mach numbers the sonic distance from the nozzle exit increased 
approximately as M^ . Once the jet flow became subsonic the velo- 
city decreased as x”l. 

The sound pressure level for subsonic jet Mach numbers of 0.6 to 
1.0 decreased monotonically from the jet axis for a constant radial 
distance from the nozzle exit as discussed in Ref. 4. But for 
supersonic jets from a convergent nozzle the sound pressure level 
was nearly constant over most of the angular positions. The power 
spectra of the subsonic jets were similar with the peak occurring 
at approximately 4 KHz, and for a Mach 1.4 jet the peak occurred 
at a frequency of 5 KHz. Near-field sound pressure level distri- 
butions were similar for subsonic jets, but for supersonic jets 
the sound pressure distribution was quite different because of 
acoustic radiation from the supersonic region. The acoustic 
radiation distribution from the supersonic jets increased from 



the nozzle exit to a peak value near the sonic location as ob- 
served also in Refs. 11 and 16. From the near- field measurements 
the overall acoustic power levels were determined and the values 
agreed with the far-field measurements for the supersonic jets. 

The overall sound power levels determined from the far-field micro- 
phone measurements were compared with the subsonic theory of 
Lighthilll^ and supersonic theory of Nagamatsu and Horvay 8 in Refs. 
4 - 6. For subsonic jets the overall acoustic power increased as 
U° as predicted by Lighthill, but for a supersonic jet from a con- 
vergent nozzle the presence of the shock bottles increased the 
acoustic power as U- 1 - 2 over a Mach number range of 1.0 to 1.4. 
Dosanjh and associates^ 8 also observed the additional acoustic 
radiation from the shock bottles at supersonic Mach numbers. The 
number of the shock bottles and the length of the supersonic re- 
gion are functions of the jet Mach number as discussed in Refs. 

4, 5, and 19. With a properly designed convergent-divergent noz- 
zle the flow at the nozzle exit is parallel to the axis with the 
static pressure equal to the ambient pressure so the shock bottles 
are eliminated as shown in Refs. 16, 20 and 21. 

The acoustic radiation from subsonic and supersonic jets is due 
to the turbulent velocity fluctuations as formulated by Lighthill- 1 - 7 
and Ribner 22 . Besides the velocity fluctuations the turbulent 
shear stress in the jet will contribute to the static pressure 
fluctuations in fully developed subsonic turbulent flow as shown 
originally by Kraichnan 28 . For supersonic jets the supersonic 
mixing region produces Mach wave radiation as discussed in Refs. 

24 - 26. To determine the distributions of mean and fluctuating 
velocities and the static pressure fluctuations for subsonic and 
supersonic jets, investigations were initiated to survey the jet 
plume with impact pressure and total temperature probes, and 
piezoelectric impact and static pressure probes, and the results 
of the surveys are presented in Refs. 4, 6 and 9. 

For subsonic jet Mach numbers of 0.6, 0.70, 0.85, and 1.0, the 
contours of constant Mach numbers in the jet plume were quite 
similar for a convergent nozzle in Ref. 6. On the axis of the 
nozzle the core length for these subsonic Mach numbers extended 
over the initial four diameters and downstream in the fully 
developed subsonic turbulent jet flow the axial velocity decayed 
as x - - 1 -, which was also observed in Refs. 4 and 20 for subsonic 
jets. But for supersonic jet Mach numbers of 1.2 and 1.4 the 
length of the supersonic region on the axis increased approximately 
as M 2 , and consequently, the contour for sonic Mach number extended 
over J a larger portion of the jet plume at higher supersonic Mach 
numbers. It was also observed in these surveys of the jet plume 
that the subsonic mixing region surrounding the supersonic flow 
region increased rapidly with the distance from the nozzle exit. 
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At these supersonic jet Mach numbers with shock bottles the axial 
velocity in the fully developed subsonic turbulent flow region 
decayed as x - -*- like the subsonic jets. 

With the piezoelectric impact pressure probe the rms output of the 
probe is related to the product of the local mean density and velo- 
city and the fluctuating velocity for subsonic flows. The piezo- 
electric impact pressure probe characteristic was determined by 
means of the hot-wire and the laser doppler velocimeter technique 
which measures the local mean and fluctuating velocities without 
disturbing the flow as discussed in Ref. 27. Detailed surveys of 
the jet plumes were conducted with the small piezoelectric impact 
probe over a jet Mach number range of 0.6 to 1.4 and the contours 
of constant rms piezoelectric probe output are presented in Ref. 6. 
For subsonic Mach numbers of 0.6 to 1.0 the contours of the rms 
impact pressure fluctuations were quite similar with peak fluctua- 
tions occurring in a toroidal region located over an axial distance 
of approximately 3.5 to 6 diameters with the center of the region 
located approximately one nozzle radius from the axis. Other in- 
vestigators in Refs. 28 - 31 have observed the turbulent velocity 
fluctuations with hot-wire in subsonic jets and have determined 
that the peak turbulent intensities occurred in the mixing region 
located at a radial location equal approximately to the nozzle 
radius. For supersonic jet Mach numbers of 1.2 and 1.4 with a 
convergent nozzle the peak piezoelectric impact pressure fluctua- 
tions for a given rms gage output occurred close to the sonic 
velocity contours. In the subsonic mixing region the contours of 
constant pressure fluctuations were similar to those observed for 
sonic and subsonic jets as shown in Ref. 6. 

The static pressure fluctuations due to the turbulent velocity 
fluctuations and shear in the jet plume have been investigated by 
various authors^ t 32-34 for determining the acoustic sources for 
subsonic and supersonic jets. By the use of the laser doppler 
velocimeter technique for determining the mean and fluctuating 
turbulent velocities, the piezoelectric static pressure charac- 
teristics were determined over a Mach number range of 0.3 to 1.0 
in Ref. 27. On the axis of the fully developed subsonic turbulent 
jet the rms static pressure fluctuation due to turbulence is pro- 
portional to the product of the local mean density and the square 
of the rms turbulent velocity fluctuation according to Kraichnan's 
theory 23 . This relationship was used to determine the static 
pressure probe constant in Ref. 27. With this slender piezo- 
electric static pressure probe the rms static pressure fluctuation 
distributions in subsonic and supersonic jets were determined in 
Ref. 9 for a convergent nozzle. The contours of constant rms 
static pressure fluctuation were similar for jet Mach numbers of 
0.6, 0.7, 0.85, and 1.0. With the peak static pressure fluctua- 
tions occurring at the jet mixing region with the ambient air, at 
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a radial location slightly larger than the nozzle radius. Also, 
the piezoelectric static pressure probe output decreased con- 
tinuously across the jet boundary for these subsonic Mach numbers 
indicating the presence of the acoustic waves outside the jet 
plume. The contours of the rms static pressures were entirely 
different than the contours for the piezoelectric impact pressure 
probe output for these subsonic jet Mach numbers. Similar static 
pressure fluctuations for subsonic jets were observed in Ref. 31 
at slightly lower Mach numbers. 

The rms static pressure fluctuation contours for supersonic Mach 
numbers of 1.2 and 1.4 for a convergent nozzle were entirely dif- 
ferent than those observed for subsonic Mach numbers of 0.6 to 
1.0. Because of the presence of the shock bottles at these Mach 
numbers the peak rms static pressure fluctuations occurred in the 
supersonic mixing region, within the sonic Mach number contour as 
shown in Ref. 9. Also the variations of the static pressure 
fluctuations outside the supersonic jet plumes were very different 
than those existing for subsonic jets. For supersonic jet Mach 
numbers there is the presence of Mach waves produced by the turbu- 
lent eddies at the edge of the jet moving at supersonic Mach num- 
ber relative to the ambient velocity of sound as shown by spark 
shadowgraph photographs in Refs. 6, 16, and 18. These Mach waves 
are not present for air jets operated at room temperature with 
subsonic exhaust Mach numbers as shown clearly in Ref. 6 with the 
shadowgraphs obtained with a short duration spark source. In the 
fully developed subsonic turbulent jet the contours of the static 
pressure fluctuations for jet Mach numbers of 1.2 and 1.4 were 
similar to those observed with sonic and subsonic exhaust velo- 
cities. Again the contours of the rms static pressure fluctuations 
were very different than the contours of the rms piezoelectric 
impact pressure fluctuations for these supersonic Mach numbers. 

The suppression of the jet noise. from supersonic jets is very 
complicated and difficult because a large reduction in the noise 
level is required with minimum thrust loss to meet the noise re- 
gulations. Various suppressor configurations have been investigated 
and the results are presented in Refs. 1,2, 7 - 10, 35 - 37. A 
long shroud suppressor with small rods was investigated in Refs. 1, 

2 and 9 to determine , the suppression of a Mach 1.4 jet and the 
corresponding decrease in the jet velocity by inducing an appre- 
ciable amount of ambient air. With the six small rods located 
near the nozzle exit and induced mass flow the overall power level 
of the Mach 1.4 jet was decreased by 14.2 db and the Mach number 
at the shroud exit was approximately 0.8 with a nearly uniform 
velocity distribution across the exit. 

To achieve large noise level reductions with a much shorter length 
than the single shroud, multiple tubes and multiple shrouds were 
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investigated in Refs. 7 and 8. Multiple tubes were investigated 
by other authors in Refs. 35 - 37. It was shown in the supersonic 
jet noise theory of Nagamatsu and Horvay-^'^ that the sonic loca- 
tion on the jet axis for supersonic jets for both cold and hot 
jets over a range of nozzle diameters was proportional to the 
square of the jet Mach number and the diameter of the nozzle. 

Thus, for a given pressure ratio across the nozzle for supersonic 
Mach numbers the length of the supersonic region is dependent upon 
the nozzle or tube diameter, and by the use of multiple tubes in- 
stead of a single nozzle the supersonic length was- drastically 
decreased. The sonic location for a Mach number of 1.4 with the 
1-9/16 inch diameter convergent nozzle was approximately 20 in. , 
and for the corresponding 191 tubes of 0.115 inch diameter the 
sonic location was approximately 1 in. as shown in Ref. 7. Hence, 
the supersonic region with large acoustic radiation was drastically 
decreased with an overall sound power level reduction of 15 db for 
a Mach 1.4 jet and a thrust loss of 10.2 percent. By adding 191 
shrouds to the 191 tubes the ambient air was induced into these 
shrouds with a corresponding decrease in the jet velocity and the 
shroud also shielded the large acoustic radiation from the super- 
sonic region of the jet. With this method the overall sound power 
level of the Mach 1.4 jet was reduced by approximately 20 db with 
a thrust loss of. nearly 27 percent. This large thrust loss was 
caused primarily by the 191 shrouds of 6 inch length which had a 
large wetted surface which contributed approximately 12 percent to 
the thrust loss. 

To investigate the supersonic jet noise suppression with a smaller 
number of tubes for practical considerations, 50 tube and 50 shroud 
suppressor configurations were studied in Ref. 8 with various tube 
lengths. Both flow and acoustic characteristics and thrust losses 
were determined for a supersonic jet Mach number of 1.4. The over- 
all sound. power level reductions with the 50 tubes of 1/4 to 4 inch 

lengths were approximately 12 db because the merged Mach numbers 
were about sonic for these tube lengths. With 50 holes the overall 
sound power level reduction from a Mach 1.4 jet was 15 db with a 

thrust loss of nearly 17 percent because of the low base pressure. 

The thrust loss was decreased. to 6.8 percent for a tube length of 

1/4 inch and for tube lengths of 1, 2, and 4 inches the thrust 

loss was 3.3 percent. The base pressure increased with the tube 
length because a greater area was available for ambient air to 
enter the tube bundle. By adding the 50 hexagonal shrouds of 6 
inch length to the tubes of 1, 2, and 4 inches, the overall sound 

power level reduction of a Mach 1.4 jet was increased. For a tube 

length of 4 in. with multiple shrouds the overall sound power level 
was decreased by 20.3 db with a thrust loss of nearly 27 percent. 
The thrust loss with the shrouds was large because of the large 
wetted area in the hexagonal shrouds as discussed in Refs. 8 and 
10 . 
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This report presents the results on the flow and acoustic char- 
acteristics of subsonic and supersonic jets from a convergent 
nozzle, and the thrust characteristics for various supersonic 
suppressor configurations. A brief description of the experi- 
mental facilities used to obtain flow and acoustic data as well 
as the facilities used to calibrate the instrumentation will be 
presented. Mean and fluctuating flow parameters in the subsonic 
and supersonic jets were determined with impact pressure and total 
temperature probes for mean quantities and the fluctuating velo- 
cities and pressures with the laser doppler velocimeter and piezo- 
electric impact and static pressure probes. The laser doppler 
velocimeter technique was used to calibrate the piezoelectric im- 
pact and static pressure probes. . The summary of the results on 
the subsonic and supersonic jet plume surveys with these instru- 
mentation will be presented as well as the corresponding near- 
and far-field acoustic results. A summary of the flow, acoustic, 
and thrust characteristics for single and multiple shrouds and 
multiple tubes will be presented for supersonic jet Mach number 
of 1.4. The acoustic results for the multiple tube configurations 
are analyzed by using the subsonic jet noise theory of Lighthilll^ 
and supersonic jet noise theory of Nagamatsu and Horvay^'^. 
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2.0 EXPERIMENTAL FACILITIES AND PROCEDURE 

2 . 1 Test Facilities 

Two compressor systems are available to supply the air to the 
nominal 2 and 6 in. diameter nozzles, Fig. 1, for investigating 
flow and acoustic characteristics of subsonic and supersonic jets. 
One system consists of two 800 hp reciprocating compressors which 
can supply 5 lbs/sec. of air at 500 psia and a gas fired heater is 
available to heat the air to 900°F. These reciprocating compres- 
sors are used to supply air to the 2 in. diameter nozzle at super- 
sonic jet Mach numbers. The second system consists of two banks 
of Fuller compressors with each bank powered with a 350 hp motor. 
With these compressors it is possible to supply 11 lbs/sec. of air 
at 30 psia for operating the 6 in. nozzle over a Mach number range 
of 0.10 to 0.9. 

Convergent nozzles with exit diameters of 2 and 1-9/16 in. were 
used with the outdoor flow and acoustic facility shown in Fig. 1. 
This facility is equipped with a trolley system so that axial flow 
surveys in the jet plume can be conducted as well as near-field 
axial microphone surveys, and the flow and acoustic results for 
subsonic and supersonic jets with and without suppressors are pre- 
sented in Refs. 1 to 10. 

Since it is difficult, at times, to conduct detailed surveys of 
the subsonic and supersonic jet plumes in the outdoor flow and 
aco.ustic facilities because of the effects of wind velocity on 
the^jet plume, a 1 in. diameter convergent nozzle was utilized in 
the Fuller compressor room as shown in Fig. 2. The air to this 
nozzle was supplied by a four-stage reciprocating compressor 
powered by a 200 hp motor. With this nozzle the distributions of 
the mean velocity, and piezoelectric impact and static pressure 
fluctuations were determined over a Mach number of 0.3 to 1.4 and 
the results are presented in Refs. 6 and 9. Also, it was possible 
to obtain shadowgraph and schlieren photographs of the subsonic 
and supersonic jets with a 0.4 microsecond spark source. With a 
convergent nozzle at a Mach number of 1.4 there are eight shock 
bottles in the supersonic region®. 

For calibrating the piezoelectric impact and static pressure probes, 
and the sputtered platinum wedge probe, a laser doppler veloci- 
meter method has been developed as discussed in Refs. 27 and 38. 
Small 1/2 and 3/4 in. nozzles were used to develop the laser method 
for determining the mean and fluctuating velocities for subsonic 
and supersonic jets, and the laser and the nozzle are shown in 
Fig. 3. The very clean dry house air supply was used to produce 
jet Mach numbers of 0.3 to 1.4, and a seeding method for putting 
small particles into the air stream was developed for the nozzle. 
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At a Mach number of 0.3 a hot-wire was used to determine the turbu- 
lent velocity fluctuations, which agreed with the laser doppler 
velocimeter measurements. 

2 . 2 Procedure 

With the 2 in. diameter nozzle located outdoors, Fig. 1, two 
separate runs were made to obtain the flow and acoustic data. The 
reservoir pressure was selected to produce jet Mach numbers of 0.6 
to 1.4 and the reservoir pressure was maintained constant during 
the run with a Fisher flow regulator. Total pressure and total 
temperature surveys along the axis of the jet were made from the 
nozzle exit to 40 nozzle diameters downstream, and these tests 
were made only when the ambient wind velocity was less than 10 mph. 

For the 2 in. convergent nozzle the far-field acoustic measurements 
were made with the microphone placed at eight angular positions in 
a horizontal plane at a fixed 10 ft. radius from the jet exit as 
shown in Fig. 1. Before each test the microphone was calibrated 
with the B&K piston phone calibrator , . and the microphone output at 
each angular location was recorded on a General Radio tape recorder. 
Also, the rms voltmeter and B&K sound pressure level meter readings 
were obtained at each angular position. Axial near-field surveys 
were made with two microphones located at various radial distances 
from the nozzle exit, and the microphone outputs were connected to 
the Ballantine rms voltmeter to obtain the sound pressure level at 
each location. 

Surveys with piezoelectric impact and static pressure probes were 
conducted along the axis for the 2 in. convergent nozzle with the 
trolley system shown in Fig. 1 and radial and axial surveys with 
these probes were made for the 1 in. nozzle with the probe equip- 
ment shown in Fig. 2 over a Mach number range of 0.3 to 1.4. 

Axial surveys with these probes were made for the 1/2 and 3/4 in. 
diameter nozzles with the laser doppler velocimeter facility shown 
in Fig. 3 over subsonic to supersonic Mach numbers. All of these 
tests with piezoelectric probes were conducted with room tempera- 
ture jets. 
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3.0 INSTRUMENTATION AND CALIBRATION 

3.1 Instrumentation 

• c 

One of the objectives of the fundamental investigation of the 
supersonic jet noise phenomenon was to determine the noise sources 
in the jet plume. Thus, instrumentation were developed to measure 
the mean and fluctuating flow parameters in the subsonic and super- 
sonic jets. These results would indicate the location of maximum 
velocity and static pressure fluctuations in the jet plume. The 
probes to measure mean and fluctuating flow parameters are pre- 
sented in Fig. 4. 

The mean velocity and total temperature were determined in the jet 
plume from the measurements of the local impact pressure and total 
temperature. The opening of the total pressure probe, F, was 
0.055 in., and the opening of the total temperature probes were 
0.055 and 0.125 in., probes J and B in Fig. 4. For both of these 
probes the smaller diameter tips were used to survey the 1, 1/2 
and 3/4 in. nozzles. A 1/8 in. diameter impact and static pres- 
sure probe, K, with a hemispherical nose was used for surveys of 
the subsonic flow regions. 

A 1/4 in. diameter piezoelectric quartz Kistler gage was. used as 
the pressure transducer for both impact and static pressure probes. 
The response time of this gage was approximately 20 psec. The 
face of the gage was exposed as a piezoelectric impact pressure 
probe, E, as shown in Fig. 4, which was used for the axial survey 
for the 2 in. diameter nozzle. To reduce the opening diameter to 
0.055 in. ane.extension was placed ahead of the piezoelectric gage 
with 0.055 in. diameter opening to the cavity in front of the 
pressure gage, probe H of Fig. 4. This smaller diameter impact 
pressure, probe was used to survey the jet plume for 1, 1/2 and 
3/4 in. diameter nozzles. 

Fluctuating static pressures in the jet plume were determined with 
sharp and blunt tipped static pressure probes with a 1/4 in. dia- 
meter piezoelectric quartz Kistler pressure gage and a 1/4 in. 
diameter B&K microphone, A, as shown in Fig. 4. Only the sharp 
tipped probes were used in the supersonic region of the flow and 
both sharp and blunt probes were used in the subsonic flow regions. 
Two static pressure probes of 5/16 in. diameter were constructed 
with sharp, C, and blunt, D, tips, and the static pressure was 
transmitted through small orifices connected to the small cavity 
in front of the pressure gage. A 1/8 in. diameter static pressure, 
probe, G, was constructed with a sharp tip as shown in Fig. 4. 

Small static pressure orifices were located around the probe and 
this was connected to a constant diameter opening to the face of 
the 1/4 in. diameter quartz gage. The gage characteristics for the 
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static pressure probe were determined by the use of the laser dop- 
pler velocimeter method which gave the local mean velocity and the 
turbulent velocity fluctuations. 

B&K condenser microphones of 1/4 and 1/2 in. diameters were used 
to obtain near- and far-field acoustic pressure data with a cathode 
follower for a frequency response of 20 Hz to 40 KHz. The micro- 
phone was calibrated with a B&K pistonphone calibrator which pro- 
duced an oscillating dynamic pressure of 124 db re 0.0002 ybar at 
250 Hz before each test. The output of the microphone was con- 
nected to a Ballantine true rms voltmeter, B&K sound level meter, 
and General Radio tape recorder which had a frequency response of 
15 Hz to 20 KHz. The tape recordings were analyzed using a B&K 
1/3 octave band analyzer coupled to a Hall squaring circuit and a 
digital integrating voltmeter, and a detailed discussion of the 
data analysis is presented in Ref. 1. 

3 . 2 Calibration Shock Tube 

An 8 in. diameter shock tube, Fig. 5, with a driver length of 5-ft. 
and driven length of 36 ft. was constructed for calibrating the 
piezoelectric pressure and sputtered platinum heat gages used to 
obtain pressure and heat transfer data in the hypersonic shock 
tunnel at high Mach numbers, and a detailed description of this 
equipment is presented in Ref. 39. By placing the gages to be 
calibrated near the end of the driven tube and using a weak shock 
wave the pressure increase across the shock wave and the heat 
transfer from the flow can be calculated by the use of the shock 
wave relationship. The pressure and temperature ahead of the shock 
wave and the shock velocity are determined for each test. Piezo- 
electric impact and static pressure probes and the sputtered 
platinum heat gage probes are mounted at the end of the shock tube 
on the center line. Pressure increases across both the incident 
and reflected shock waves were used for the calibration of the 
pressure gages. The heat transfer rates after the incident shock 
waves were calculated from the results presented in Ref. 40. 

3 . 3 Laser Doppler Velocimeter 

It was observed in Ref. 4 for a convergent nozzle at a Mach num- 
ber of 1.4 that the peak piezoelectric impact pressure occurred 
in the vicinity of the sonic velocity on the axis. Thus, an in- 
vestigation was initiated to measure the local mean and fluctua- 
ting velocities in subsonic and supersonic jets with the laser 
doppler velocimeter without disturbing the flow. These local 
velocities were necessary to calibrate the piezoelectric impact 
and static pressure probes and the sputtered platinum wedge heat 
gage probe^'. The initial laser doppler velocimeter shown in Figs. 
3 and 6 was used to calibrate the laser results for the turbulence 
level with a hot wire at a Mach number of 0.3 as discussed in Ref. 
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38 with a low power laser. 

For higher jet velocities it was necessary to yse a two watt con- 
tinuous wave (CW) laser of wave length of 5145A. The 0.5 and 
0.75 in. nozzle was mounted on the lathe carriage bed so that 
mean and fluctuating velocities at various locations in the jet 
plume could be measured as indicated in Fig. 6. It was necessary 
to inject 0.3 micron size alumina particles from a fluidized 
particle bed to determine the mean and fluctuating velocities in 
supersonic flows. A detailed description of the LDV technique and 
some of the mean velocity and turbulence level results for subsonic 
and supersonic jets are presented in Refs. 27 and 41. 

3 . 4 Piezoelectric Impact and Static Pressure Probes . 

A Kistler quartz pressure transducer of 1/4 in. diameter was used 
for measuring the impact pressure fluctuations with probe tip 
openings of 0.055 in. and 0.25 in. diameter as shown in Fig. 4. 

The piezoelectric pressure gage output as a function of the magni- 
tude of the pressure jump across the shock wave was determined by 
the use of the calibration shock tube. By varying the pressure 
in the driven tube and the driver of the shock tube, various pres- 
sure jumps across the incident and reflected shock waves were pro- 
duced, and the gage output as a function of the pressure increase 
across the shock wave is presented in Fig. 7. After the incident 
shock wave there is an induced flow velocity while back of the re- 
flected shock wave the flow is brought to rest. Within the experi- 
mental accuracy the pressure gage output was not affected by the 
flow velocity. 

The static probes of 1/8 and 5/16 in. diameters with blunt and 
sharp tips shown in Fig. 4 also used a 1/4 in. diameter quartz 
pressure transducer. This probe was also calibrated in the shock 
tube to determine the output as a function of the pressure jump 
across the shock as well as the response time. A static pressure 
probe with a 1/4 in. diameter B&K microphone and a hemispherical 
nose was also used to measure the static pressure fluctuations in 
the subsonic flow regions. The output. of the microphone as a 
function of the pressure increase across weak shock waves was also 
determined in the calibration shock tube. 
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4.0 ANALYSIS OF PIEZOELECTRIC IMPACT AND STATIC PRESSURE 
FLUCTUATIONS AND TURBULENT VELOCITY FLUCTUATIONS 

4 . 1 Analysis of Piezoelectric Impact Pressure Fluctuations 

For investigating the subsonic and supersonic jet noise generation 
phenomena, it is necessary to determine the mean and fluctuating 
velocities in the plume. Since the hot-wire is too fragile to 
determine the mean and fluctuating velocities at high velocities, 
the piezoelectric impact pressure probes^ • 2 ^ • 33 t 34 anc j i aser 
doppler velocimeter technique 2 ^ / 38 , 41 h ave been developed for 
obtaining the turbulent velocity fluctuations in high subsonic 
and supersonic jet exhaust velocities. 

For a fully developed uniform turbulent flow at low subsonic velo- 
cities, the turbulence can be considered roughly to be isotropic 
so that the turbulent velocity components can be expressed as 
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I 2 
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■ 2 
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I 2 _ 



( 1 ) 


In the Cartesian coordinate system with a uniform mean flow in 
the x-direction the velocity components can be expressed as 


u = U + u' ’ 

v = v' (2) 

w = w 1 


since V and W vanish in the assumed uniform turbulent flow. In a 
uniform low speed homogeneous isotropic turbulent flow there will 
be mean static pressure, p, and the static pressure is given by 


p=p+<p'>+p 


(3) 


where <p’> is the static pressure fluctuation caused by turbulence 
given by Kraichnan 23 and p is the acoustic pressure fluctuation . 
present in the flow. The pressure fluctuations caused by the 
turbulence will be assumed to propagate close to the velocity of 
the flow, while the pressure fluctuations due to the acoustic 
field will propagate at the velocity of sound in low speed flows. 

At the stagnation region of the piezoelectric impact pressure 
probe, the turbulent flow is brought to rest through large 
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gradients of flow properties. In the stagnation region the 
spatial changes will exceed the temporal ones. Under these con- 
ditions the total pressure along a streamline in a low speed 
turbulent flow from Bernoulli's equation is given by 

P T = p + 1 p q2 (4) 


where q is the vector velocity consisting of a mean vector velocity 
and a vector turbulent velocity. By substituting Eqs. (2) and (3) 
into. Eq. (4) and neglecting higher order terms of the turbulent 
velocity fluctuations, Eq. (4) can be split into mean and fluctua- 
ting components 


P T = P + J P U 2 (5) 

p^ = <p’> + p + p U u* (6) 

The contribution to the impact pressure fluctuation by the static 
pressure fluctuations due to turbulence <p’> for low speed turbu- 
lent flow should be small. 

Nakamura 33 and Fuchs 34 have obtained experimental data in low 
speed turbulent flow with microphone impact and static pressure 
probes and confirmed the low level of static pressure fluctuations 
due to turbulence. Thus, the piezoelectric impact pressure 
fluctuation with a total head probe configuration in a low speed 
turbulent flow with negligible acoustic field is given by 


p^ = a p U u' 


(7) 


which is dependent on the probe coefficient a, local axial velo- 
city fluctuations, mean velocity, and mean density. The piezo- 
electric impact pressure probe in principal can be used in place 
of the hot wire to investigate the fluctuations in unsteady flows 
as discussed by Nagamatsu^ / 27 f Siddon 32 , and Fuchs 3 ^. The avail- 
able references on the actual correlation of the piezoelectric 
impact pressure probe and hot wire is still very limited^. 


An investigation was undertaken to obtain information regarding 
the piezoelectric impact pressure fluctuations and the local turbu- 
lence level by the use of hot wire and laser doppler velocimeter 22 . 
The mean and fluctuating velocities were determined along the axis 


13 



for the 3/4 in. diameter nozzle, Figs. 3 and 6, with the Disa 
constant temperature hot-wire for a jet Mach number of 0.3 and the 
results are presented in Fig. 8a. At this jet Mach number the mean 
and fluctuating velocities were determined with the hot-wire and 
laser doppler velocimeter method. The core region extended over 
the initial four diameters with the turbulence level on the axis 
increasing from a value of 1.9 percent at a location one-half dia- 
meter from the nozzle exit, to a maximum of 14 percent at a dis- 
tance of 8 diameters before decreasing to 9.4 percent. at 16 
diameters . 

With the small piezoelectric impact pressure probe with an opening 
at the tip of 0.055 in., Fig. 4, the rms output of the probe was 
determined along the axis. Using the gage characteristics pre- 
sented in Fig. 7, the rms output value was converted to rms impact 
pressure fluctuation in psi. This impact pressure fluctuation, 
the mean velocity from the hot-wire, and the mean density in the 
jet were used in Eq. (7) to determine the turbulent velocity 
fluctuation, and the results are presented in Fig. 8a. Over the 
initial 8 diameters the turbulence levels determined by the piezo- 
electric impact pressure probe and the hot-wire are practically 
identical indicating that the turbulence level given by Eq. (7) 
is valid for subsonic flows. Downstream of the peak turbulence 
at 8 diameters the turbulence levels determined by the piezoelectric 
impact pressure probe were slightly less than the values obtained 
with the hot-wire, and this may be due to the low probe output , at 
low velocities. 

Since the hot-wire in higher velocity flows does not withstand the 
higher dynamic pressure without failures, the laser doppler tech- 
nique was used to determine the mean and turbulent velocities for 
jet Mach numbers of 0.6, 1.0 and 1.2, and the results for a Mach 
1.2 jet are presented in Fig.. 8b. Also, in this figure the mean 
velocities determined along the axis from the pitot and total 
temperature probes are presented, and the mean velocities deter- 
mined with the LDV technique agreed reasonably well with the values 
determined from the probe measurements. The small piezoelectric 
impact pressure probe was used to determine the impact pressure 
fluctuations along the axis of the jet. The rms pressure fluctua- 
tions was used to determine the turbulent velocity fluctuations by 
the use, of Eq. (7) and the results are presented in Fig. 8b. Over 
the initial 4 diameters from the nozzle exit the turbulence levels 
determined with the piezoelectric impact probe were lower than the 
results from the LDV, but at axial locations of 14, 16, and 18 
diameters the turbulence levels determine from the LDV measure- 
ments agreed within the experimental accuracy with the turbulence 
levels obtained from the piezoelectric pressure probe data. 
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4 . 2 Analysis of Piezoelectric Static Pressure Fluctuations 


Since the acoustic radiation from the subsonic and supersonic jets 
is dependent upon the turbulence within the jet plume, the knowledge 
regarding the static pressure fluctuations due to turbulence and 
shear is useful for understanding the noise generation mechanism. 

An investigation was conducted to study the characteristics of 
static pressure probes with a piezoelectric element and a micro- 
phone as the fluctuating static pressure transducers. In the past 
several years investigators have used microphones and piezoelectric 
pressure gages to measure the fluctuating pressures for impact and 
static pressure probe configurations in subsonic 22-2 ^ an( j super- 
sonic 2- ^ jet flows. 


For a uniform low speed homogeneous isotropic turbulent flow with 
a mean velocity U and turbulent velocity components u', v' , -and 
w ' , Kraichnan 22 derived the expression for the mean-square static 
pressure fluctuations associated with the isotropic subsonic turbu- 
lent flow as . 


<p ' 2 > = p 2 u' 4 


- 4 t 
C 


( 8 ) 


where c is the velocity of sound. And the ratio of the rms turbu- 
lent velocity in the flow direction to the local velocity of sound 
can be expressed as the local turbulence Mach number 


M' = u'/c. 


(9) 


In subsonic turbulent flow with shear gradient the mean-square 
pressure fluctuation is given by 


<P 


I 2. 




( 10 ) 


where t 0 is the mean viscous shear stress, n = U'/p is the kinematic 
viscosity, and c is related. to the area scale of the pressure cor- 
relation, defined in Ref. 23. 

Besides the turbulent static pressure fluctuations there will be 
a pressure fluctuation in low speed flows due to a sound field 
being superimposed from outside the jet flow or generated aero- 
dynamically in the flow, denoted by p.- Thus, in a low speed 
turbulent jet flow there will be a static pressure in the flow 
field given by 


15 



p=p+<p'>+p 


( 11 ) 


and <p'> is the. static pressure caused by turbulence, Eq. (8) or 
Eq. (10) , depending upon the mean shear in turbulent flow. The 
pressure fluctuations caused by turbulence will be assumed to pro- 
pagate close to the velocity of the air flow, while the pressure 
fluctuations due to the acoustic field will propagate with the 
velocity of sound for low speed flow. Along the jet axis the 
static pressure determined with piezoelectric and microphone 
static pressure probes, Fig. 4, will be given by Eq. (8), and can 
be expressed as 


<p'> = 8 p u' 2 


( 12 ) 


where 8 is the static pressure coefficient. 

The rms magnitude of the axial static pressure fluctuations deter- 
mined with the 1/8 in. diameter probe with sharp tip. Fig. 4 , are 
presented in Fig. 9a as a function of the distance from the 3/4 
in. diameter nozzle exit, Fig. 3, for a jet Mach number of 0.3. 

Also, the core, mixing, and turbulent regions determined from the 
axial mean velocity distribution . are labeled in this figure. The 
peak rms static pressure fluctuation occurred at the end of the 
core region and the pressure decreased continuously in the mixing 
and turbulent regions. Over the fully developed turbulent region 
the static pressure fluctuations along the jet axis decreased 
rather slowly. 

Using the hot-wire measurements for the mean and fluctuating velo- 
cities and the density determined from the pitot pressure and 
total temperature data, the rms magnitude of the static pressure 
fluctuations were calculated by the use of Eq. (12) and the re- 
sults are presented in Fig. 9a. Over the initial 8 diameters the 
piezoelectric static pressure, probe results were higher than the 
pressures calculated from the hot-wire data. In the fully developed 
turbulent region on the axis Eq. (12) is valid, and in this region 
the measured rms static pressure fluctuation and the value calcu- 
lated from the hot-wire results agreed within experimental accuracy. 
Similar calculations for the static pressure fluctuations were made 
with the fluctuating velocities determined with the laser doppler 
velocimeter method, Figs. 3 and 6, and the results are presented 
in Fig. 9a. The static pressure fluctuations were slightly higher 
than the values determined from the hot-wire data over the initial 
region of the jet plume. And at an axial location of 8 diameters 
the rms static pressure fluctuations determined from the hot-wire 
and the LDV measurements agreed with the magnitude of the static 
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pressure fluctuation measured with the static pressure probe. 

This agreement indicates that the acoustic pressure waves at low 
Mach numbers are small compared with the static pressure fluctua- 
tions associated with the fully developed turbulent flow along the 
axis . 

In Fig. 9b the axial rms static pressure fluctuations determined 
with the piezoelectric static pressure probe and calculated from 
the LDV turbulence level measurements are presented as a function 
of the distance from the 3/4 in. nozzle at a Mach number of 0.6. 

The static pressure fluctuations determined with the probe in- 
creased from the nozzle exit to a peak value located at the end 
of the core region. In the fully turbulent flow the magnitude of 
the static pressure fluctuations decreased . continuously with 
distance. The magnitude of static pressure fluctuations calcu- 
lated from the LDV fluctuating velocities in Eq. (12) increased 
from the nozzle exit, similar to the increase observed with the 
probe. And at the end of the mixing region located at 8 diameters 
from the nozzle exit, the calculated static pressure fluctuation 
from the LDV measurement agreed with the value determined with the ' 
static pressure probe. Thus, the acoustic pressures present in 
the jet plume. were evidently small compared with the static pres- 
sure fluctuations associated with turbulence in a Mach 0.6 jet. 

Similar comparison of the static pressure fluctuations determined 
with the piezoelectric static pressure probe and the LDV method 
was obtained for the 1/2 in. diameter convergent nozzle at a Mach 
number of 1.2 and the results are presented in Fig. 27. At this 
Mach number the laser doppler velocimeter method became marginal 
because of the limitation of the electronic circuitry. An im- 
proved electronic circuit is being developed so as to determine 
the mean and fluctuating velocities at high supersonic Mach numbers. 
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5.0 SUBSONIC AND SUPERSONIC JET FLOW CHARACTERISTICS 


5 . 1 Axial Distributions of Mean Velocity 


The' axial variations of the flow velocity along the, jet axis were 
determined for the 2 and 1 in. diameter convergent nozzles, Figs. 

1 and 2, by means of the impact pressure and total temperature 
probes shown in Fig. 4. With the convergent nozzles the jet ex- 
pands from the exit for pressure ratios greater than the critical 
value. For reservoir pressures higher than the critical value 
the flow expands to supersonic velocities with the presence of 
shock bottles for convergent nozzles as shown in Refs. 4, 6, 18 
and 19. Under these conditions the flow Mach number near the 
nozzle exit was determined from the ratio of the impact pressure 
to the reservoir pressure, and farther downstream from the nozzle 
exit the local Mach number was determined from the ratio of the 
ambient pressure to the impact pressure. For subsonic flow regions 
the local Mach number was determined from the ratio of ambient to 
impact pressure. These Mach numbers are given by the following 
equations : 
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The local flow velocities in the jet were determined from the im- 
pact pressure, and total temperature measurements. The relation- 
ship between the total temperature of the flow and the ambient 
temperature is given by 


5“ = (1 + M 2 ) (16) 

o 

And thus knowing the . local Mach number from Eqs. (13), (14), or 

(15) and the total temperature, the local temperature was. calculated 
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from this equation. By assuming a perfect gas, the local velocity 
of sound was calculated from 


2 

c 


yRT 


(17) 


and the. local flow velocity by 


v = M c 


(18) 


The axial flow velocities determined by this method for various 
jet Mach numbers for the 2 in. convergent nozzle^ are presented 
in Fig. 10a. For subsonic jet Mach numbers of 0.6 to 1.0 the 
core region extended to approximately 5 diameters on the axis. 

For these subsonic Mach numbers the flow became fully turbulent 
at approximately 10 diameters from the nozzle exit. Downstream 
of this location in the fully developed, turbulent flow region the 
velocity decreased as x -1 . At supersonic Mach numbers of 1.2 and 
1.4 the sonic location on the axis moved downstream with the Mach 
number and for a Mach number of 1.4 the sonic location was at 14 
diameters. In the fully developed subsonic turbulent flow region 
for these supersonic Mach numbers the velocity decreased as x -1 
similar to that observed for subsonic jets. With the 1 in. dia- 
meter convergent nozzle, Fig. 2, the core region as shown in Fig. 
10b extended over the initial 4 diameters for the subsonic Mach 
numbers of 0.6 to 1.0, and in the fully developed turbulent flow 
region the velocity decreased as x“l. The sonic location moved 
downstream at supersonic Mach numbers of 1.2 and 1.4. Again for 
these Mach numbers in the fully developed subsonic turbulent flow 
region the velocity decreased as x - ^ similar to the results ob- 
tained for the 2 in. convergent nozzle. A more detailed discus- 
sion of the axial variation of mean velocity for the 2 and 1 in. 
convergent nozzles at subsonic and supersonic velocities are pre- 
sented in Refs. 4 and 6. 

5 . 2 Axial Piezoelectric Impact Pressure Fluctuations 

The axial rms piezoelectric impact pressure fluctuations were 
determined for the convergent nozzles with 2 in. and 1 in. dia- 
meter in Refs. 4,6, and 9 with the quartz piezoelectric impact 
pressure probes shown in Fig. 4. For the 2 in. nozzle the 1/4 in. 
diameter probe was used to measure the impact pressure fluctuations 
over an axial distance of 40 diameters from the jet exit, and the 
results are presented in Fig. 11a. It was shown by Eq. (7) that 
the rms output of the piezoelectric impact pressure probe was a 
function of the mean density and velocity and the turbulence 


19 



velocity for a subsonic jet flow. Over the subsonic Mach number 
range of 0.6 to 1.0, the variations of the impact pressure fluctua- 
tions with distance were quite similar with the peak fluctuations 
occurring at approximately 9 diameters from the jet exit. For 
subsonic Mach numbers in the , core region of approximately 5 dia- 
meters the impact pressure fluctuations are quite small compared 
to the peak value. The peak impact pressure fluctuations occur 
in the region where the primary jet is completely mixed with the 
ambient gas. After, this region the jet decays as a fully estab- 
lished turbulent jet flow and the rms impact pressure fluctuation 
decays as x - -*-* 7 ^ while the velocity decayed as x - -*- in this region 
as shown in Figs. 10a and 10b. 

For supersonic jet Mach numbers of 1.2 and 1.4 the peak impact 
pressure fluctuations increased for the 2 in. nozzle, cf. Fig. 11a, 
and the location of the peak fluctuations was in the vicinity of 
the sonic velocity on the axis. The shadowgraph photographs of 
the jet flows from a convergent nozzle operated over a Mach number 
range of 0.6 to 1.4 are shown in Ref. 6 and Fig. 12. For super- 
sonic Mach numbers the photographs show the presence of shock bot- 
tles, but evidently the , impact pressure fluctuations at the normal 
shock waves in the bottles are not large compared to the fluctua- 
tions present at the end of the supersonic flow region. After the 
location of the peak fluctuations for supersonic jet Mach numbers, 
the fluctuations decreased as x“ 1,7 , similar to that observed with 
subsonic jets. Thus, the maximum impact pressure fluctuations for 
supersonic jets occur in the vicinity of the sonic velocity on the 
axis while for subsonic jets the peak fluctuations occurred at the 
end of the "adjustment" or mixing region* of the jet. 

The rms piezoelectric impact pressure fluctuations for the 1 in. 
convergent nozzle, Fig. 2, were obtained with the piezoelectric 
impact probe with an inlet opening of 0.055 in. as shown in Fig. 

4. For subsonic jet Mach numbers of 0.6 to 1.0, the variations of 
the piezoelectric impact pressure fluctuations along the axis were 
similar with the peak occurring at approximately 8 diameters from 
the nozzle exit^. Downstream of the peak location the impact pres- 
sure fluctuations decreased as x - !* 7 ^, similar to that observed 
with the 2 in. convergent nozzle, Fig. 11a. At supersonic Mach 
numbers of 1.2 and 1.4 the peak impact pressure fluctuations oc- 
curred in the vicinity of the sonic location. And downstream of 
the peak location in the fully developed subsonic turbulent flow 
region the impact pressure fluctuations decreased also as x - !* 7 ^. 
The results for the impact pressure fluctuations along' the axis 
for the 2 in. and 1 in. convergent nozzle indicate that for a 
fully developed subsonic flow region the rms impact pressure 
fluctuations decreased as x - ^-* 7 ^ and the peak fluctuations occurred 
in the vicinity of the sonic location for the supersonic jets. 
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5.3 Axial Piezoelectric Static Pressure Fluctuations 


The static pressure fluctuations in the subsonic and supersonic 
flows were investigated with various diameters and tip shapes for 
the. static pressure probes with piezoelectric quartz pressure gage 
and B&K microphone for sensing the static pressures as shown in 
Fig. 4. Axial static pressure surveys were conducted for both 2 
in. and 1 in. nozzles with the sharp tipped 1/8 in. diameter piezo- 
electric static pressure probe for subsonic and supersonic jet 
flows. For subsonic flows both the sharp tipped and blunt tipped 
static pressure probes were utilized. 


To correlate the piezoelectric impact pressure probe results, Fig. 
11a, for the 2 in. convergent nozzle, an investigation was con- 
ducted with the sharp tipped 1/8 in. diameter piezoelectric static 
pressure probe to investigate the static pressure fluctuations for 
jet Mach numbers of 0.60, 1.0, and 1.4, and the results are pre- 
sented in Fig. 13a. For subsonic jet Mach numbers of 0.6 and 1.0, 
the rms piezoelectric static pressure fluctuations over the initial 
5 diameters from the nozzle exit were nearly constant. As shown 
by Eq. (12) the . piezoelectric probe output is dependent on the 
static pressure fluctuations due to turbulent velocity fluctuations 
and the acoustic waves present in the flow. At a jet Mach number 
of 0.6 the peak rms static pressure fluctuation occurred at approxi 
mately 9 diameters from _the nozzle exit, and this was the location 
for the peak impact pressure fluctuation. Fig. 11a. For sonic jet 
Mach number the location of the peak fluctuations occurred at ap- 
proximately 11 diameters from the exit. The rms static pressure 
fluctuations decreased continuously from the peak location for both 
subsonic Mach numbers in the fully developed subsonic turbulent 
flow region. At a jet Mach number of 1.4 the peak rms static 
pressure fluctuations occurred ahead of the sonic location on the 
axis, and the peak level was nearly an order of magnitude greater 
than for the sonic jet. Again, downstream of the sonic location 
the magnitude of the static pressure fluctuations decreased in the 
fully developed subsonic flow region like the subsonic exhaust 
velocities . 


Similar axial piezoelectric static pressure probe surveys 5 * were 
conducted with the sharp* tipped small probe for the 1 in. dia- 
meter convergent nozzle, Fig. 2, over a jet exhaust Mach number 
range of 0.6 to 1.4 and the results are presented in Fig. 13b. 

The rms static pressure fluctuations near the nozzle exit for jet 
Mach numbers of 0.6, 0.7, and 1.0 were quite close. In the fully 
developed subsonic turbulent flow region for these jet Mach num- 
bers, which corresponds to a distance greater than approximately 
10 diameters from the nozzle exit, the rms static pressure fluctu- 
ations decreased approximately as (x/D)“l*95 # supersonic jet 

Mach numbers of 1.2 and 1.4, the peak static pressure fluctuations 


r* 
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occurred ahead of the location for the sonic velocity on the jet 
axis. And the magnitudes of these peak pressure fluctuations were 
much greater than the peak value observed for the sonic jet. For 
both of these supersonic jet Mach numbers the rms piezoelectric 
static pressure fluctuations decreased from the peak value mono- 
tonically with distance in the subsonic turbulent flow region. The 
rate of decrease of the static pressure fluctuations with distance 
was similar to those observed for the subsonic jet exhaust velocities. 

The axial piezoelectric static pressure probe data for the 1 in. 
nozzle was plotted in Fig. 13c as a function of the local flow Mach 
number by the use of the velocity variation with distance presented 
in Fig. lib. The rms static pressure fluctuations were plotted in 
this manner to estimate the magnitude of the acoustic pressure, 
fluctuations present in the jet plume. It was shown in Eq. (12) 
that for a subsonic turbulent flow the static pressure fluctuation 
was dependent upon the static pressure fluctuations due to turbu- 
lence, Eqs. (8) or (10) , and the acoustic waves. On the axis of 
the subsonic jet the radial velocity gradient is equal to zero so 
that Eq. (8) is applicable for determining the static pressure 
fluctuation caused by turbulence. Thus, on the axis for the same 
local flow velocity the static pressure fluctuations produced by 
turbulence should be the same. And the difference in the static 
pressure fluctuations must be due to the acoustic pressure fluctua- 
tions. By comparing the rms static pressure fluctuations for a 
local Mach number of 0.4 on the axis, there is a noticeable higher 
static pressure fluctuation for a jet Mach number of unity than 
for a. jet Mach number of 0.6 as shown in Fig. 13c. At higher jet 
Mach numbers of 1.2 and 1.4 the local static pressure fluctuations 
on the axis were higher in the subsonic flow region. The acoustic 
waves produced by the shock bottles for the supersonic jet velo- 
cities and by the higher turbulent velocities seem to become 
significant and are propagated through the jet plume. 

5 . 4 Contours of Mach Number, Piezoelectric Impact and Static 
Pressure Fluctuation^ 


To determine the distributions of the Mach number, piezoelectric 
impact and static pressure fluctuations in the jet plume for sub- 
sonic and supersonic jet Mach numbers, detailed surveys of the jet 
plumes were conducted with the small pitot tube, piezoelectric 
impact and static pressure probes, cf. Fig. 4, for the 1 in. dia- 
meter convergent nozzle. Fig. 2, and some of the results for these 
investigations ^ • 9 are presented in Figs. 14 and 15. From the 
pitot tube surveys of the jet plume and. assuming that the static 
pressure in the jet was equal to the ambient pressure the local 
flow Mach numbers were determined for jet Mach numbers of 0.6 to 
1.4 in Ref. 6, and the contours of the constant Mach numbers of 
1.0 and 1.4 are presented in Fig. 14.. For subsonic jet Mach 
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numbers of 0.6 to 1.0 the constant Mach number contours were 
similar to that observed for the jet Mach number of unity®. The 
mixing of the ambient air with the sonic jet was rather rapid and 
the contour for a local flow Mach number of 0.2 moved out radially 
rather slowly with distance. For a jet Mach number of 1.4 the 
sonic velocity on the axis was located approximately 10 diameters 
from the exit of the convergent nozzle as shown in Fig. 14. The 
subsonic mixing region surrounding the supersonic jet exhaust in- 
creased very rapidly with distance as the ambient air was entrained 
by the supersonic velocity jet. Thus, at the end of the supersonic 
region on the axis the jet diameter was nearly 1.8 times the nozzle 
exit diameter. The acoustic . radiation from the supersonic mixing 
region of the Mach 1.4 jet is surrounded by a rather thick subsonic 
mixing region. 


The contours of constant rms piezoelectric impact and static pres- 
sure fluctuations in the flow field for a 1 in. diameter convergent _ 
nozzle at Mach numbers of 1.0 and 1.4 are presented in Figs. 15a 
and 15b. The' contours of constant rms piezoelectric impact pres- 
sure fluctuations were determined in Ref. 6 over a jet Mach number 
range of 0.6 to 1.4. For subsonic jet Mach numbers of 0.6 to 1.0 
the rms piezoelectric impact pressure contours were quite similar 
to the contours observed for a Mach 1.0 jet, presented in Fig. 15a. 
The peak impact pressure fluctuations were observed in a toroidal 
region located over axial locations of approximately 4 to 6 dia- 
meters from the nozzle exit and with the center located off the 
axis. It was shown by Eq. (7) that the output of the piezoelectric 
impact pressure was a function of the local mean density and velo- 
city and the rms turbulent velocity. 

With the sharp tipped 1/8 in. diameter piezoelectric static pres- 
sure probe. Fig. 4, the flow field of the 1 in. diameter convergent 
nozzle was surveyed over jet Mach numbers of 0.6 to 1.4 in Ref. 9. 
The static pressure fluctuation contours for a jet Mach number of 
unity are presented in Fig. 15a. Again the static pressure fluctu- 
ations contours for jet Mach numbers of 0.6 tp 1.0 were similar as 
observed with the piezoelectric impact pressure contours. The peak 
static pressure fluctuations occurred near the nozzle exit in the 
mixing region. For a given axial location the maximum rms static 
pressure fluctuations occurred at radial positions slightly larger 
than the nozzle radius, and the radial . location of the peak pres- 
sure fluctuations moved farther out radially with distance. In 
Fig. 15a the outer boundary of the jet plume is indicated by the 
dashed line. It is interesting to note that the static pressure 
fluctuations are present outside the jet plume since the piezo- 
electric static pressure output is dependent upon the acoustic 
pressure and the static pressure fluctuations due to turbulence. 
Outside the jet plume the turbulent static pressure fluctuations 
do not exist because the turbulent velocity fluctuation is equal 
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to zero, and consequently, Eq. (12) for the static pressure probe 
output indicates the existence of acoustic pressure outside the 
jet plume. 

Similar piezoelectric impact and static pressure surveys were con- 
ducted with the 1 in. nozzle at a Mach number of 1.4, and the re- 
sults are presented in Fig. 15b and Refs. 6 and 9. The- contours 
for the rms piezoelectric impact pressure fluctuations are entirely 
different than the contours for the rms piezoelectric static pres- 
sure fluctuations. At a given axial location the peak impact 
pressure fluctuation occurred in the vicinity of the sonic velocity 
contour, and the maximum piezoelectric impact pressure fluctuations 
occurred at the end of the supersonic region, approximately 9 dia- 
meters from the nozzle exit. The maximum static pressure fluctua- 
tions occurred in the vicinity of the end of the supersonic region 
for a. Mach 1.4 jet as shown in Fig. 15b. The static pressure con- 
tours at this Mach number are entirely different than the contours 
observed for the sonic jet Mach number, Fig. 15a. For supersonic 
Mach number the rms piezoelectric static pressure fluctuations 
were quite large outside the jet plume and this rms pressure was 
due to the acoustic waves. Similar rms piezoelectric static pres- 
sure fluctuation contours were observed for a supersonic jet Mach 
number of 1.2. 
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6.0 ACOUSTIC CHARACTERISTICS OF SUBSONIC AND SUPERSONIC JETS 

6.1 Flow and Acoustic Characteristics of Subsonic and Supersonic 
Jets 

The available references on the flow and acoustic characteristics 
for subsonic and supersonic jets have indicated that both flow and 
acoustic phenomena do change from subsonic to supersonic jet velo- 
cities3~6 , 9 , 10-21 f anc j the main features of subsonic and supersonic 
jets are characterized in Figs. 16 and 17. For subsonic jet velo- 
cities including sonic jet, the core region extends over the initial 
4 to 5 diameters from the jet exit, and the length depends upon the 
initial turbulence level in the f low 4 • 10-12 # Downstream of the 
core region the adjustment region occurs with large turbulence be- 
fore the jet becomes fully developed turbulent flow as shown in 
Fig. 16. In this fully developed turbulent flow the velocity de- 
creases as x _1 and the piezoelectric impact pressure fluctuations 
decays as x - ^^ as observed in Refs. 4, 6, and 9. 

For a properly expanded supersonic jet through a convergent-divergent 
nozzle, the velocity at the nozzle exit will be uniform and parallel 
to the axis with the static pressure equal to the ambient pressure, 
and this type of supersonic flow is indicated in Fig. 17. There 
will be a supersonic core region surrounded by supersonic and sub- 
sonic mixing regions, and downstream of the supersonic region the 
jet flow becomes fully developed turbulent subsonic flow with 
velocity decaying as x - -'- and piezoelectric impact pressure fluctu- 
ations decaying as x~l* 74 as observed in Refs. 4, 6, and 9. It 
was observed in Ref. 3 and seen in Fig. 18 that the core and super- 
sonic lengths were primarily functions of the jet Mach number, and 
that the size of the nozzle and the temperature of the jet for 
supersonic velocities were second order effects as discussed in 
Refs. 3 and 5. Over the supersonic portion of the jet, Potter and 
Jones lb determined the acoustic radiation distribution to increase 
nearly linearly from the Mach 2.4 jet exit to the sonic location 
as shown in Fig. 19a, and Nagamatsu, Sheer, and Gill 4 observed 
similar results for a Mach 1.4 jet from the near field microphone 
measurements as shown in Fig. 19b. Downstream of the supersonic 
region in the fully developed subsonic turbulent flow the acoustic 
radiation per unit length of the jet decreased as x“ 6 , which was 
postulated by Lighthill^ 7 for a subsonic jet. 

6.2 Jet Noise Theories 


6.2.1 Subsonic Jet Noise Theory of Lighthill 
17 

Lighthill derived the equation for the overall sound power for 
subsonic jets based upon the dimensional analysis and experimental 
acoustic data as 
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(19) 
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in which the jet density p. was equal to the ambient density p . 
To account for the differences in the physical state of the jet 
with that of the ambient gas, Eq. (19) can be expressed as 
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where m = pj Ui A is the mass flow of the jet. By assuming the 
sound emitted from the mixing region, 0 <_ x < 4D , to be constant 
and the fully developed turbulent decay region as 4D <_ x < °°, cf. 
Fig. 16, the overall acoustic power output can be expressed by 
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where w m is the sound emission per unit length in the mixing re- 
gion. As shown in Refs. 3 and 5 the acoustic power output per 
unit diameter length in the mixing and turbulent decay regions 
can be expressed as 22 
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6.2. 2 Su'gupers6nica J et Noise : Thepryi oIfc>Naq amatsun and. Horvay 

The acoustic radiation from supersonic jets has been analyzed by 
various investigators ^ / 5 , 2 3~ 2 6 , 42 ,43 # An analysis of the acoustic 
power output for fully expanded supersonic jets was made by 
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^ s . 

Nagamatsu and Horvay ' by considering the experimental flow and 
acoustic characteristics. From the available data for jets with 
various diameters and temperatures it was found that the super- 
sonic core length and the length of the supersonic region were a 
function of jet Mach number as shown in Fig. 18, and the super- 
sonic length was derived in Ref. 3 as 

£ 9 

L = -^ = 5M + 0.8 (23) 

S D j 

Also, in the supersonic region the acoustic emission per unit 
length was found to vary almost linearly with distance by Potter 
and Jones-*- 6 at a Mach number of 2.49, Fig. 19a, and by Nagamatsu, 
Sheer and Gill^ for a Mach 1.4 jet, Fig. 19b. The acoustic radia- 
tion at these supersonic Mach numbers occurred at the end of the 
supersonic region on the axis, and downstream of this peak acoustic 
radiation location in the subsonic turbulent flow the acoustic 
radiation per unit length decreases as x -6 . 

Using these flow and acoustic features of supersonic jets, 

Nagamatsu and Horvay derived an equation for the overall acoustic 
power output for supersonic jets in Refs. 3 and 5. The overall 
sound power output from a supersonic jet can be expressed as a 
sum of the acoustic contribution from the supersonic region 
0 < x < £ s , and the subsonic turbulent decay region, £ s < x < °°, 
by “ 
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where w is the acoustic power , output . of a jet slice of unit length 
and is a function of x for a given jet condition. This may be 
written with w d = w Dj as 
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It is shown in Ref. 3 that the acoustic power output per unit dia- 
meter length is given in the supersonic region, 0 <_ x/D <_ L g , by 
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and in the subsonic region, L s <_ x/D < 00 , by 
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where a and 8 are exponents which must be evaluated from experi- 
mental acoustic data as presented in Ref. 4. Substituting Eqs. 

(25) and (26) into Eq. (24a) , the total acoustic power output from 
a supersonic jet is given by 
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These equations derived by Nagamatsu and Horvay were used to 
analyze the sound emission from supersonic jets. 

Nagamatsu and Horvay in Ref. 3 solved these equations for the 
acoustic radiation per unit length and the overall sound power 
levels for supersonic jets by using the acoustic distribution 
observed by Potter and Jones^ for a Mach 2.49 jet to determine 
the values of a and 8 of 6.2 and 2.4 respectively. Using these 
values as a first approximation in Eqs. (25) and (26) the acoustic 
power generated per unit length of jet for various jet Mach num- 
bers were calculated, and the results for jet Mach numbers of 1.0 
and 1.5 are presented in Figs. 20a and 20b respectively for various 
total temperatures for the jet exhaust. For sonic exhaust velo- 
city, Fig. 20a, the acoustic emission per unit length for unit 
slug mass is constant over the initial 5.8 diameters before de- 
creasing for the jet temperature range of 520° to 3500°R. The 
effects of the jet temperature is to increase the level of the 
acoustic radiation because of the increased jet velocity as shown 
by Eq. (25). For a jet Mach number of 1.5 the calculated acoustic 
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radiation from Eqs. (25) and (26) indicated that the radiation 
increased from the nozzle exit to a peak value located at the 
sonic location on the axis, 12 diameters from the nozzle, as 
shown in Fig. 20b. 

The overall sound power levels were calculated from Eq. (27) with 
values of a and 6 of 6.2 and 2.4 respectively determined from the 
Mach 2.49 jet as a first approximation. In Fig. 21a the overall 
sound power levels are presented as a function of the jet Mach 
number for jet temperatures of 520° to 3500°F and unit slug mass. 
The overall acoustic power level increased with the total jet 
temperature for a given jet Mach number, and the curves for the 
overall sound power levels at constant jet temperatures were 
similar. The slopes of these overall sound power level curves 
decreased as the jet Mach number increased. In Fig. 21b the over- 
all sound power levels calculated from Eq. (27) are presented as 
a function of the jet exhaust velocity for jet temperatures of 
520° to 3500°R for unit slug mass. The slope of the overall sound 
power level was the greatest for a jet temperature of 520°R and 
the slope decreased with the increase in the jet temperature. And 
this decrease in the slope. is caused. mainly by the decrease in the 
jet density, p., with increasing jet temperature in Eq. (27). The 
overall sound Jower levels obtained with room temperature jets in 
Ref. 4, and at approximately 2000°R, in Ref. 44 are presented in 
Fig. 21b. The slope of the experimental data for the overall 
sound power level curves decreased with jet temperature, similar 
to the decrease given by Eq. (27) . 

6.3 Near-Field Acoustic Characteristics 


6.3.1 Near-Field Pressure . Fluctuations 

The near-field acoustic characteristics of subsonic and supersonic 
jets were investigated by placing two microphones, one on each 
side of the jet at various radial distances and moving these 
microphones axially from the nozzle exit 4 . These microphones were 
placed at radial positions of 2 to 8 diameters from the periphery 
of the convergent nozzle exit for jet Mach numbers of 0.6 to 1.4, 
and the results for the microphone placed at radial distances of 
2 and 4 diameters are presented in Fig. 22. These near-field mea- 
surements were made, similar to the experiments by Lassiter and 
Hubbard 1 ^, for the purposes of determining the near-field acoustic 
characteristics of subsonic and supersonic jets as well as to ob- 
tain information regarding the acoustic power transmitted through 
a cylindrical surface surrounding the subsonic and supersonic jets. 

For subsonic jet Mach numbers of 0.6 to 1.0 the variations of the 
sound pressure level, for microphones placed radially at 2 and 4 
diameters from the nozzle periphery, with axial distance were 
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quite similar. Fig. 22, indicating the same type of acoustic radia- 
tion from subsonic jets, as well as for a sonic jet. The greatest 
increase in the sound pressure fluctuations with axial distance 
occurred with the microphone at the 2 diameter location. And the 
least variation of the sound pressure level with distance occurred 
with microphone eight diameters away from the. nozzle for the sub- 
sonic Mach numbers. The axial sound pressure level variations for 
microphones placed at 2 and 4 diameters from the nozzle exit for 
supersonic jet Mach numbers of 1.2 and 1.4 were quite different 
than those observed for sonic and subsonic jets as indicated in 
Fig. 22. At the nozzle exit the sound pressure levels increased 
drastically compared to the value for the sonic jet. This in- 
crease in the sound pressure . level must be caused by the presence 
of Mach waves and supersonic radiation as indicated by the optical 
results. Fig. 12. The increase in the sound pressure levels with 
distance for the radial distances of 2 and 4 diameters at Mach 
numbers of 1.2 and 1.4 was much less than that observed for sub- 
sonic Mach numbers. These near-field acoustic results for the 
supersonic jet Mach numbers indicate that the mechanism of acoustic 
radiation from supersonic jets is different from that existing for 
the sonic and subsonic jets, thus, the subsonic jet noise theories 
of Lighthill-*- ^ and others^ do not apply, and improved theory for 
the supersonic jet noise must contain the correct flow and acoustic 
features of supersonic jets as developed by Nagamatsu and Horvay 3 . 

6.3.2 Distribution of Acoustic Power Emission 

From the near-field sound pressure measurements with microphones, 
the acoustic intensity and the acoustic power transmitted through 
a cylindrical surface containing the microphone were calculated 
for subsonic and supersonic jets. The intensity of acoustic radia- 
tion at the microphone location is given by 
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where p is the rms sound pressure. By assuming that the sound 
emission from the circular jet is axially symmetric, the sound 
power transmission per unit length through a cylindrical surface 
containing the microphone is 
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and in terms of the unit jet diameter length 
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Using these equations the acoustic power transmission through the 
cylindrical surfaces were calculated and the results for jet Mach 
nmbers of 1.2 and 1.4 are presented in Pig. 19b. Similar results 
for sonic and subsonic jet Mach numbers and various radial loca- 
tions for the microphones are presented in Refs. 3 and 5. The 
variations of the acoustic power transmission per unit length in 
the axial direction with the microphone at a radial location of 2 
diameters are not continuous but can be approximated by a linear 
variation up to the sonic location. To obtain some information 
regarding the acoustic power radiation from a convergent nozzle, 
the acoustic power distributions presented in Fig. 19b were in- 
tegrated to obtain the overall acoustic power level by 
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in which the acoustic radiation per unit length was assumed to 
decay as x - ^ and £ c is the core length for the subsonic jets and 
£ s the supersonic length is used for the supersonic jets. Using 
this equation the overall acoustic powers were calculated for 
subsonic and supersonic jet Mach numbers and the results for Mach 
1.2 and 1.4 jets are presented in Fig. 19b. Also, in this figure 
the overall sound power levels determined from far-field microphone 
measurements are presented. For the Mach 1.2 jet the overall sound 
power levels determined from near- and far-field measurements were 
149 and 148 db respectively, while the corresponding results for 
the Mach 1.4 jet were 158 and 156 db. The agreements between the 
near-field integrated overall sound power level and that from the 
far-field measurements are surprisingly close. For subsonic jet 
Mach numbers of 0.85 and 1.0 the agreement between the near- and 
far-field results was not as good in Ref. 4. The excellent agree- 
ment for the supersonic Mach numbers may be due to the existence 
of the Mach waves for supersonic jets as shown in Refs. 6, 16, and 
18. Thus, in the near-field location the microphone will be in- 
fluenced primarily by the Mach waves and sound waves from the 
region of the jet upstream of the microphone location. And sound 
emission from the region, of the jet downstream of the microphone 
will be highly attenuated or will not reach the microphone because 
of the supersonic jet velocity. 
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6.4 Sound Pressure Level Distribution 


The overall sound pressure levels were determined from the micro- 
phone measurements on a 10-ft. radius from the jet axis as shown 
in Fig. 1. Eight angular positions from the axis of 19.1° to 
146.4° were used to determine the overall sound pressure levels 4 , 
and the results for jet Mach numbers of 0.60 to 1.4 are presented 
in Fig. 23. For subsonic jet velocities the variations of the 
overall sound pressure level with angular position were quite 
similar with the maximum pressure level at an angular position of 
19.1° and the pressure monotonically decreased with increasing 
angle. Similar variations of the overall sound pressure level 
with angular position were observed by other investigatorsll - !^ 
with room temperature jets. 

For supersonic jet Mach numbers of 1.2 and 1.4 the far-field sound 
pressure level distributions are different from those observed for 
subsonic jets as shown in Fig. 23. The maximum overall sound 
pressure levels were located close to the jet axis for supersonic 
Mach numbers and decreased to 43.8° location. Beyond this angular 
position the sound intensity remained nearly constant for the jet 
Mach number of 1.4. This type of sound pressure level variation 
is due to the occurrence of eight shock bottles. Fig. 12, at this 
Mach number with corresponding large acoustic radiation from each 
bottle as discussed in Ref. 18. When the supersonic jet is per- 
fectly expanded through a contoured nozzle to the ambient air, 
there are no shock bottles as shown in Refs. 16, 19, and 20. In 
Ref. 2 it was observed that the overall sound power level decreased 
with angular position from the jet axis for a convergent-divergent 
nozzle designed for a Mach number of 1.5. 

6 . 5 Sound Power Spectra and Overall Sound Power Level 

6.5.1 Sound Power Spectra 

From the microphone measurements at eight angular positions on a 
radius of 10-ft. from the 2 in. diameter convergent nozzle exit, 
Fig. 1, the spectra of the acoustic power output per 1/3 octave 
frequency band for jet Mach numbers of 0.60 to 1.40 were obtained 4 
and are presented in Fig. 24. The power spectra was obtained over 
a frequency range of 40 Hz to 16 KHz with the available tape re- 
corder. Since the microphone was on a 10-ft. radius, the sound 
power levels below 100 Hz were obtained for wave lengths greater 
than 10 ft., which caused the scatter below 100 Hz. The sound 
power spectra for jet Mach numbers of 0.60 to 1.0 were quite 
similar with peak power occurring at about the same frequency. 

At the highest Mach number of 1.4, the maximum power occurred at 
a higher frequency than that for the subsonic jets. Acoustic data 
for the Mach 1.4 jet was obtained also with a tape recorder with 
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response up to 80 KHz and the power spectrum from this data agreed 
with that observed with the tape recorder over a frequency range 
of 40 Hz to 16 KHz. For frequencies greater than 16 KHz the power 
continuously decreased indicating that nearly all of the acoustic 
power is contained in frequencies below 16 KHz. 

6.5.2 Overall Sound Power Level 

In Ref. 4 the overall sound power levels were determined for the 
2 in. diameter convergent nozzle operated over a Mach number 
range of 0.60 to 1.4. Since the mass flow of the nozzle decreased 
for lower Mach numbers from that existing at a Mach number of 1.4, 
the overall sound power levels were corrected to the Mach 1.4 mass 
flow rate of 0.1036 slugs/sec. This was the procedure used to ob- 
tain the variation of the overall acoustic power with jet velocity 
for constant mass flow rate in Ref. 6 and the results are presented 
in Fig. 25. Over the subsonic velocity range of 672 to 1038 ft/sec 
which correspond to jet Mach numbers of 0.6 to 1.0, the overall 
acoustic power increases approximately as U^. And for the higher 
velocity range of 1038 to 1346 ft/sec., Macnnnumber of 1.0 to 1.4, 
the overall acoustic power increased approximately as Uj . There 
is a discontinuity in the slope of the overall acous tic J power 
variation with velocity for subsonic and supersonic jet velocities. 
This variation is different than that predicted by Lighthilll 7 and 
others 22 ' 25 in which these authors predicted a decrease in the 
slope of the overall acoustic power with velocity. 

The increase in the slope of the overall sound power with velocity 
for the supersonic Mach numbers is caused primarily by the pres- 
ence of the shock bottles with a convergent nozzle,. Fig. 12. 
Existing jet noise theories of Lighthill^-' and Ribner^^ were de- 
rived on the acoustic radiation from turbulence but the noise 
generation from shock waves was not considered in these theories. 
But the supersonic jet noise theory of Nagamatsu and Horvay 3 was 
based upon the flow and acoustic characteristics of supersonic jets 
The effects of Mach number and shock waves were included in the 
theory by the introduction of the parameters a and 8, and these 
values for convergent and parallel flow nozzles were determined 
for room temperatures jets as functions of the jet Mach number in 
Ref. 5 and are presented in Fig. 26. 

6 . 6 Sound Pressure Level Spectra as Function of Angular Position 
and Mach Number 


The 1/3 octave band sound pressure level spectra were determined 
for the 2 in. convergent nozzle from the microphone measurements 
at eight angular positions, and the results are presented in Figs. 
27a and 27b for jet Mach numbers of 1.0 and 1.40 respectively. 
Again in these figures the sound pressure levels for frequencies 
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less than 100 Hz are not reliable because the microphone data were 
obtained on a 10-ft. radius. For sonic jet Mach number the sound 
pressure levels at the 19.1° position increased to a peak value at 
approximately 1.1 KHz before decreasing, and over the frequency 
range of 70 Hz to 1.55 KHz the sound pressure levels were the 
highest compared to other angular positions, Fig. 27a. At other 
angular positions the sound pressure levels over the frequency 
range of 80 Hz to 3 KHz decreased with increasing angles from the 
jet axis, with the lowest sound pressure levels observed for this 
frequency range at the largest angular location, 146.4°. Over the 
frequency range of 3 KHz to 16 KHz the sound pressure levels for 
all of the angular positions approached each other to within 5 db 
at 16 KHz. Also, all the sound pressure level spectra varied con- 
tinuously with frequency without any sharp discontinuity. 

For a supersonic jet Mach number of 1.4 the 1/3 octave band sound 
pressure levels are presented in Fig. 27b, and' the sound pressure 
level spectra below 100 Hz are not reliable because . microphone 
data were obtained on a 10-ft. radius 9 . At the 19.1° location 
from the jet axis the sound pressure level increased to a peak 
value at approximately 2.7 KHz before decreasing, and over the 
frequency range of 100 Hz to 2.7 KHz the sound pressure levels 
were the highest compared to the other angular positions. For the 
43.8° position the sound pressure level increased from 100 Hz to 
2.5 KHz, and over the frequency range of 2.5 to 16 KHz the sound 
pressure level remained nearly constant. At the 60° angular posi- 
tion the sound pressure level increasedccontinuously from 100 Hz 
to 11 KHz before decreasing, and there is a rather rapid increase 
in the sound pressure level over the frequency range of 5 KHz to 
10 KHz, which is caused by the acoustic radiation from the shock 
bottles. Sonic jet Mach number sound pressure level spectra did 
not indicate this sudden increase in the sound pressure level at 
this frequency range, Fig. 27a. 

At an angular position of 80.4° the sound pressure level increased 
from 100 Hz to 6.4 KHz before decreasing at higher frequencies as 
shown in Fig. 27b. The sound pressure level increased from 100 Hz 
to 3 KHz for the 99.6° location and the sound pressure level in- 
creased rapidly from 105 db at 3 KHz to a peak of. 117 db at 4.5 
KHz. This rapid increase in the sound . pressure level over the 
frequency range of 3 to 4.5 KHz could be caused mainly by acoustic 
radiation from the shock bottles. For the 120° location the rapid 
increase in the sound pressure level occurred over the frequency 
range of 2 to 4 KHz, and for the 146.4° location the sound pres- 
sure level increased rapidly over the frequency range of 1.5 to 
3.3 KHz. These sound pressure level spectra indicate the large 
increase in the sound pressure levels over the angular positions 
of 60° to 146.4°. 
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7.0 MULTIPLE TUBE AND SINGLE AND MULTIPLE SHROUD SUPPRESSORS FOR 
SUPERSONIC JETS 

7 . 1 Single Shroud with Six Rod Suppressor 

To obtain fundamental information regarding the supersonic jet 
noise suppression phenomenon, a long shroud was selected in Refs. 

1 and 2 for inducing large amounts of ambient air and shielding 
the acoustic radiation from the supersonic region of the jet. 

This was accomplished by the use of a long 4 in. inside diameter 
pipe with a length of 58 in. to surround the 2 in. diameter con- 
vergent nozzle as shown in Fig. 28. Six 1/4 in. diameter rods 
were inserted into the periphery of the jet plume to produce shock 
waves which interacted with the shock bottles in the primary super- 
sonic jet flow. Fig. 12; The leading edge of the shroud was located 
3-1/4 in. upstream of the nozzle exit. 

The convergent nozzle was operated at pressure ratios of 3.2 and 
3.7 to achieve nominal jet Mach numbers of 1.4 and 1.5. In Ref. 

2 the axial impact Mach number distributions were determined for 
the various configurations of the nozzle, rods, and shroud at a 
jet Mach number of 1.5 and the results are presented in Fig. 29a. 
Because of the shock bottles in the jet plume, the Mach numbers 
determined from the impact pressure measurements varied over the 
initial portion of the supersonic jet. The flow became sonic at 
a location 31 in. from the nozzle exit. With the long shroud and 
with six rods inserted 1/4 in. into the jet plume, the axial Mach 
number at the shroud exit was 0.78 and it remained nearly constant 
for 16 in. before decreasing slowly with distance. With the en- 
trance of the shroud sealed, Fig. 28, so there is no induced flow, 
the Mach number at the shroud exit was approximately 0.56 and the 
Mach number remained nearly constant over a distance of approxi- 
mately 18 in. before decreasing with distance. 

To obtain the overall sound pressure level distribution and the 
power spectra, the microphone was placed on a 10-ft. radius from 
the nozzle and shroud exits over angular positions of 19.1° to 
146.4°. The convergent nozzle was operated at a jet Mach number 
of 1.4 with and without the single shroud and six rods. For these 
conditions the overall sound pressure level distributions with 
angular position from the jet axis are presented in Fig. 29b. The 
overall sound pressure level for the plain nozzle was the highest 
at the 19.1° position and decreased to approximately the 50° loca- 
tion and remained nearly constant for larger angular positions. 

The single shroud with six rod configuration with induced flow 
decreased the overall sound pressure level 19.1 db at the 19.1° 
location from the value observed for the plain nozzle. And the 
sound pressure increased to a peak value at the 60° position before 
decreasing at larger angular positions. At this location the sound 
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pressure level was 8.4 db less than the value observed with the 
convergent nozzle. With no induced flow through the shroud the 
sound pressure level at the 19.1° location was decreased 13.7 db 
from that observed with the plain nozzle. And the sound pressure 
level increased to a peak at the 60° position before decreasing 
at larger angular positions. At this location the overall sound 
pressure level was slightly higher than the value existing with 
the plain nozzle. Similar results were observed in Ref. 2 for a 
jet Mach number of 1.5. 

The third-octave band sound power spectra for the convergent noz- 
zle, shroud, and six rod configurations for the jet Mach number 
of 1.4 are presented in Fig. 29c. For the plain nozzle the sound 
power level increased from 80 Hz to 4 KHz before decreasing at 
higher frequencies. With the long shroud, six rods inserted 1/4 
in. into the jet plume, and induced mass flow of approximately 70 
percent of the primary jet mass flow, the sound power spectra was 
lower than for the plain nozzle with the largest reduction of 22 
db at 3.2 KHz. At 16 KHz the reduction from the convergent nozzle 
was 11 db, and the overall sound power level reduction with this 
configuration was 14.2 db from the convergent nozzle at a Mach 1.4 
as shown in Fig. 29c. 

By sealing the entrance to the single shroud, no induced flow, the 
primary supersonic jet flow became subsonic within a few diameters 
from the nozzle exit as observed in Ref. 2 from the static pressure 
measurements along the shroud. There was a noticeable organ pipe 
effect present as indicated by the power spectra at 150 Hz, Fig. 
29c. Over the frequency range of 250 Hz to 8 KHz the power spectra 
increased before reaching a peak and decreasing at 16 KHz. At 8 
KHz the sound power level was approximately 3 db lower than the 
value for the convergent nozzle. The Mach number. at the exit of 
the shroud for this configuration was only 0.56, Fig. 29a, and the 
power spectra observed for a Mach 0.6 jet in Ref. 4 was much lower 
than that observed for the long shroud with no induced flow. The 
overall sound power level was 147.5 db which is only 4 . 5 db lower 
than the value for the convergent nozzle. Without the shock waves 
in the shroud and for a jet Mach number of 0.56 the overall sound 
power level reduction from a Mach 1.4 jet should be approximately 
28 db as discussed in Ref. 2. Therefore, the noise produced by 
shock waves in a long shroud propagates to the outside through a 
subsonic flow without appreciable attenuation. 

7 . 2 191 Tubes and 191 Shrouds Suppressor 

7.2.1 Flow Characteristics 

Since the long shroud with rods suppressor configuration was ef- 
fective in decreasing the Mach 1.4 jet by 14.2 db, Refs. 1, 2, and 
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9, the multiple tube with multiple shroud suppressor configurations 
were investigated with Mach 1.4 jets in Refs. 7 and 8. With the 
multiple tubes the sonic location from the tube exit was decreased 
drastically because the supersonic length was shown to be a function 
of the diameter for a given Mach number as shown by Eq. (23). Thus, 
with the 191 tubes of 0.115 in. diameter, Fig. 30, the sonic loca- 
tion on the axis was located at approximately 1 in. as shown in 
Fig. 31b, while the sonic location for the equivalent convergent 
nozzle diameter of 1-9/16 was approximately 20 in. from the exit 
at a jet Mach number of 1.4. By bringing the sonic location closer 
to the tube exit it is possible to make the multiple shroud length 
shorter compared to a nozzle with single shroud. 

With the trolley system for the flow and acoustics facility, Fig. 

1, the variations of the flow field downstream of the multiple 
tubes and multiple shrouds were determined by the small impact 
pressure probe surveys in Ref. 7 and the Mach number profiles for 
the tube bundle with shrouds of various lengths are presented in 
Fig. 31a. One inch downstream of the 191 tubes the Mach number 
over the inner tubes varied from supersonic to subsonic velocities 
depending upon the location of the pitot tube relative to the tube 
exits. The velocity profile at the exit of the 191 shrouds with 
a length of 3.35 in. was much more uniform with mean Mach number 
of approximately 0.6. By placing single shrouds of approximately 
4 in. inside diameter and lengths of 3.8 and 12 in. at the exit 
of the tube bundle the Mach number profiles across the shroud exit 
were flat with mean Mach number of approximately 0.7 as shown in 
Fig. 31a. Other radial Mach number distributions at. the end of 
the single and multiple shrouds for a Mach 1.4 jet are presented 
in Ref. 7. 

Impact pressure and total temperature surveys for the multiple tubes 
with and without multiple shrouds were made in the axial direction 
of the jets in Ref. 7. Using these measurements the local Mach 
number and velocity were calculated and the axial Mach number dis- 
tributions for the 191 tubes with single and 191 shrouds are pre- 
sented in Fig. 31b. For the 1-9/16 in. diameter convergent nozzle 
at a nominal Mach 1.4, the local Mach number fluctuates in. the 
supersonic region because of the shock bottles and the flow became 
sonic at approximately 20 in. from the nozzle exit. With 191 tubes 
of 2 in. length the mixing of the supersonic jets with the ambient 
air was large with a corresponding decrease in the supersonic 
length. The merged Mach number downstream of the supersonic re- 
gion was approximately 0.72 as indicated in Fig. 31b. This merged 
jet remained at this Mach number for about 16- in., which is ap- 
proximately 4 diameters of the merged jet, before decreasing mono- 
tonically with distance. The addition of the 191 shrouds of 6 in. 
length to the multiple tubes decreased the supersonic jets to a 
Mach number of approximately 0.6. Downstream of the uniform 
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velocity region the velocity decayed very rapidly with distance, 
and this could be caused by the additional turbulence introduced 
by the 6 in. long multiple shrouds. The most drastic decrease in 
the velocity downstream of the 191 shrouds occurred for the 3.335 
in. shroud length. With the single shroud at the exit of the tube 
bundle the axial Mach number at the shroud exit was approximately 
0.68, and the velocity decayed more rapidly with distance than for 
the 191 tubes. 

The axial piezoelectric impact pressure fluctuations, determined 
with the quartz piezoelectric gage, for multiple tubes with and 
without the multiple shrouds were obtained in Ref. 7, and the 
results for the multiple shrouds of various lengths and for a 
single shroud are presented in Fig. 31c. The magnitude of the 
impact pressure fluctuations is presented in terms of rms values 
in .millivolts. It was shown previously, Eq. (7), that for sub- 
sonic flows the output of the piezoelectric impact pressure is 
dependent upon the local mean density and velocity and the turbu- 
lence velocity fluctuation. For the plain nozzle at a Mach num- 
ber of 1.4, the impact pressure fluctuations remain low over the 
initial 15 in. before increasing rapidly to 4 mv output at the 18 
in. location before decreasing. This peak output is located just 
ahead of the sonic location on the axis as observed in Refs. 4, 6, 
8 , and 9 . 

For multiple tubes, the impact pressure fluctuations at 0.1 in. 
and 1.0 in. is 1 mv. Fig. 31c. It attains the lowest value of 
0.13 mv at the 5 in. location and then reaches the highest value 
of slightly over 1 mv at the 30 in. location. Thus, the peak im- 
pact pressure fluctuations with the tubes is one-quarter of the 
peak value observed for the plain nozzle. Downstream of the loca- 
tion of the peak value for the tube, the piezoelectric impact 
pressure decreased at approximately x”!*^ as observed for the 
plain nozzle in the fullyddeveloped subsonic turbulent flow, Fig. 
11a. The magnitude of the peak piezoelectric impact pressure 
fluctuations for the multiple shroud lengths of. 1.667, 3.335, and 
6.0 in. decreased with the length as shown in Fig. 31c, and the 
locations of the peak pressure fluctuations for these multiple 
shrouds were closer to the shroud exit- than for the multiple tube 
case. With the single shroud the peak value for the impact pres- 
sure fluctuation was close to the peak observed with the multiple 
tubes. For the tubes, multiple shrouds, and single shroud con- 
figurations, the impact pressure fluctuations downstream of the 
peak pressure location decreased very close to x"l* 74 which was 
observed for the fully developed turbulent flow region. The varia 
tions of the impact pressure fluctuations with distance for 
multiple shrouds at various distances from the multiple tube exits 
are presented in Ref . 7 for a jet Mach number of 1.4. 
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The sound pressure level distributions for the multiple tubes and 
shrouds are presented in Fig. 31d as a function of the angular 
position from the jet axis. These overall sound pressure levels 
were determined from the microphones placed on a radius of 10-ft. 
from the suppressor exit. With the multiple tubes the sound pres- 
sure level at the angular position of 19.1° was approximately 17 
db less than the value for the plain nozzle, and the smallest 
difference of approximately 11 db occurred at the 43.8° location. 

At the 19.1° position the decrease in the sound pressure level 
from that of the plain nozzle increased with the length of the 
multiple shrouds, and the reduction was nearly 25 db for the 6 in. 
long shrouds. At ■ the 60° location the sound pressure level for 
the 6 in. long shrouds was approximately 18 db lower than the 
value for the plain nozzle, and at the 146.4° position the sound 
pressure level reduction was about 25 db. The addition of the 
single shroud to the multiple tubes did not decrease the sound 
pressure levels from the levels for the multiple tubes. Addi- 
tional sound pressure levels for various shroud configurations 
are presented in Ref. 7. 

The sound power spectra for the multiple tubes and multiple shrouds 
for a jet Mach number of 1.4 were obtained in Ref. 7 and the re- 
sults for the multiple shrouds of various lengths are presented in 
Fig. 31e for a frequency range of 40 Hz to 16 KHz. The maximum 
sound power level of 145 db occurs at 5 KHz for the 1-9/16 in. 
diameter convergent nozzle at a Mach number of 1.4. At higher 
frequencies it decreases continuously and at 16 KHz the sound 
power level was 139 db. For multitubes the sound power level in- 
creases continuously from 75 to 1 KHz and attains a value of 119.5 
db. The sound power level stays almost constant from 1 to 1.5 KHz, 
and it rises to 120 db at 5 KHz and drops to 119 db at 6.3 KHz be- 
fore starting to rise at higher frequencies.. As can be seen from 
Fig. 31e and Table I, the overall sound power level for multiple 
tubes is 135.5 db, which is a reduction of 15.2 db from the plain 
jet at Mach number of 1.4. - The sound power spectra are lowered by 
the addition of the multiple shrouds of various lengths over the 
frequency range of 75 Hz to 7 KHz and at higher frequencies the 6 
in. long shrouds decreased the power levels from the values existing 
with the multiple tubes. With this long shroud the sound power 
level of the Mach 1.4 jet was reduced by 20.4 db formthe ambient 
air temperature of 68°Fas shown in Table I. The overall sound 
power level reduction for the Mach 1.4 jet increased with the 
length of the multiple shrouds. With the single shroud placed at 
the exit of the tubes the sound power spectra was higher than the 
plain tubes at higher frequencies, Fig. 31e, and the overall sound 
power level reduction was only 13.7 db as shown in Table I, which 
is less noise suppression than the multiple tubes. Sound power 
spectra for other suppressor configurations for the convergent 
nozzle are presented in Ref. 7. 
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To analyze the acoustic power output from the subsonic and super- 
sonic regions for the multitubes, the Mach number distribution 
along the jet axis. Fig. 31b, was used for a jet Mach number of 
1.4. The jet flow coalesces at approximately 1-1/2 in. from the 
tube exits, and the coalesced flow behaves like a uniform sub- 
sonic jet at a Mach number of approximately 0.72 and remains 
nearly constant for about 4 diameters before decreasing like a 
subsonic jet. Fig. 10. Using the mass flow determined 1 in. 
downstream of the tube bundle from the radial surveys in Ref. 7, 
the acoustic power output for this coalesced subsonic jet was 
calculated from Lighthilll^ Eqs. (19a). The output power was 
calculated to be 0.75 watts or a sound power level of 128.8 db, 
which is less than the experimental value of 135.5 db, 3.55 
watts, for the multiple tubes at a Mach number of 1.4 as shown 
in Table I. The difference in the acoustic power is contributed 
by the acoustic radiation from the supersonic region of the 
multiple tubes. 

It is assumed that only the outer ring of 52 tubes are radiating 
acoustically from the supersonic region to the outside, with the 
acoustic radiation from the inner tubes assumed to be shielded by 
the outer tubes, the calculated power output from the supersonic 
jet noise theory of Nagamatsu and Horvay, Eq. (27) with a and 8 
determined from the convergent nozzle at a Mach number of 1.4, 

Fig. 26, is 19.6 watts or 142.9 db, which is much greater than the 
experimental value of 135.5 db. The difference between the 
acoustic power calculated for the subsonic region by Eq. (19a) 
and the experimental power is 2.80 watts. For each tube the cal- 
culated acoustic power output from supersonic region is 0.377 
watts. Hence, it requires only 7.40 tubes to achieve 2.80 watts 
from the supersonic region, or approximately 51° from each of the 
outer ring of 52 tubes. It is evident from this initial analysis 
of the acoustic data that the shielding and interference effects 
of the supersonic region from the 191 tubes are extremely large. 
Only the equivalent of about 4.3 percent of the 191 tubes are 
radiating acoustic power from the supersonic region to the 
surrounding air. 

The multiple tube concept is effective as a supersonic jet exhaust 
noise suppressor because of the following effects: (1) with the 

smaller diameter tubes in place of a single nozzle the supersonic 
region is decreased, supersonic region is proportional to the dia- 
meter and the -jet Mach number as shown in Ref. 3 and Eq. (23); 

(2) because of the larger exposed surface of the primary jet flow 
to the ambient air, the primary jet velocity is drastically de- 
creased in a short distance and the coalesced jet behaves like a 
subsonic uniform jet; (3) finally the most effective contribution 
to the noise reduction is the, large attenuation of the acoustic 
waves through the supersonic region, only a small fraction of the 
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acoustic radiation from the supersonic region is propagated to 
the surroundings. 

7.2.2 Thrust Loss 

For the various configurations of the multiple tubes and multiple 
shrouds that were investigated, the change in the thrust from the 
equivalent convergent nozzle of 1-9/16 in. diameter was measured 
with the delta-thrust device and is presented in Fig. 31f and Ref. 
7. The change in the thrust from the plain nozzle for the same 
reservoir and mass flow conditions is due to the skin friction in 
the 191 tubes and 191 shrouds and to the base pressure loss of the 
tube holder, cf. Fig. 30. An analysis was made to calculate the 
friction drag for the tubes and shrouds from the observed flow 
conditions and to determine the base drag from the measured base 
pressure distributions. 

The flow through the 191 tubes was assumed to be sonic and uniform 
over the internal tube length of 2-1/4 in. Due to the boundary 
layer growth on the tube surface the sonic velocity will be at- 
tained at the end of the tube where the effective cross-sectional 
area is minimum. To estimate the friction drag in the 191 tubes, 
the skin friction for both laminar and turbulent boundary layers 
were calculated and compared with the experimental results. Since 
the flow in the tube is equal to or less than sonic, Blasius skin 
friction equation 


C f = 1.328//R~ 


(31) 


was used for low subsonic Mach numbers and for M = 1.0 the coef- 
ficient in this equation was decreased to 1.31 from the curve pre- 
sented in Ref. 45. For turbulent boundary layer the empirical 
turbulent skin friction given by Schlichting 4 ^ was used 


C f ± = 0.455/(log 10 R e ) 2 * 58 (32) 

which agrees well with the experimental data for a Reynolds number 
range of 10^ to 10^. 

Using these equations and the reservoir conditions for the Mach 
1.4 jet flow condition, the skin friction drag was calculated for 
the multiple tubes for laminar and turbulent flows. Since , the 
Reynolds number based upon the tube length was 2.74 x 10^, the 
flow in the tubes must be in the transition region because the 


41 



measured friction drag was 8.2 percent of the thrust while the 
calculated values for laminar and turbulent skin frictions were 
2.52 and 11.9 percent respectively as discussed in Ref. 7. The 
frictional drag of the multiple shrouds was calculated by using 
the velocity, temperature, and density determined from the radial 
surveys with the impact and total temperature probes at the shroud 
exit, Fig. 31a. From the mean values for the flow parameters at 
the multishroud exit, the Reynolds numbers were calculated for 
shroud lengths of 1.667 to 6.00 in. Because of the large dis- 
turbances in the mixing of the primary jet inside the shroud the 
boundary layer was assumed to be turbulent in the shroud passages, 
and the skin friction was calculated from Eq. (32) for the multiple 
shrouds. For a shroud length of 6 in. the skin friction thrust 
loss was 11.5% as shown in Ref. 7. - The experimental thrust loss 
and the overall sound power level reduction of a Mach 1.4 jet is 
presented in Fig. 31f as a function of the multiple shroud length. 
The thrust loss is appreciable for the 191 shrouds because of the 
large wetted surface exposed to the flow in the passages. 

7 . 3 191 Tubes and 191 Shrouds Suppressor for Mach 0.7 Jet 

7.3.1 Flow Characteristics 

An investigation was conducted in Ref. 9 to determine the flow 
and acoustic characteristics of the 191 tubes and 191 shrouds 
for a subsonic jet exhaust Mach number of 0.7, which corresponded 
to the exhaust Mach number for the GE-4 jet engine for the SST 
during cut-back for approach. In the earlier investigations of 
the multiple tubes and shrouds suppressor configurations in Ref. 

7, the acoustic characteristics of these suppressors at a jet 
Mach number of 0.7 were determined but no flow characteristics 
were obtained. 

To obtain the flow information for these suppressors at a sub- 
sonic jet Mach number, axial surveys were conducted with an im- 
pact probe and piezoelectric impact and static pressure probes, 

Fig. 4, to obtain the mean and fluctuating velocities and 
fluctuating static pressures in Ref. 9. The 1-9/16 in. diameter 
convergent nozzle was operated at a pressure ratio across the 
nozzle of 1.4 to produce a jet Mach number of 0.7, and the axial 
Mach number distributions for this condition is presented in Fig. 
32a for various configurations. Over the initial 8 in. the flow 
Mach number is nearly constant, and the velocity decreases as x _ l 
in the fully developed turbulent flow region. With the 191 tubes 
the jet coalesced at approximately 2 in. from the tube exits at , 
a Mach number of 0.31, and the Mach number remained nearly con- 
stant from this location to 20 in. downstream. For greater dis- 
tances downstream the Mach number approached that for the plain 
nozzle as indicated in this figure. By adding multiple shrouds 
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to the multiple tubes the Mach number at the shroud exit was ap- 
proximately 0.28 and it decreased to 0.25 at the 2 in. location. 

The Mach number remained nearly constant to the location 12 in. 
from the shroud exit before decreasing rapidly with distance. 

In Fig. 32b the rms impact pressure fluctuations along the jet 
axis are presented for the convergent nozzle, multiple tubes, and 
multiple shrouds at a jet Mach number of 0.7. The peak rms impact 
pressure fluctuation of 0.6 mv occurred for the plain nozzle at a 
distance 14 in. from the nozzle exit. Downstream of this location 
the impact pressure fluctuations decreased as x”^*^ , which is the 
characteristics for a fully developed subsonic turbulent jet flow. 
Fig. 11. With the multiple tubes the peak impact pressure fluctua- 
tion of 0.14 mv occurred at 30 in. from the tube exit before de- 
creasing rapidly with distance. This peak rms pressure fluctuation 
is approximately 1/4 of the peak value observed for the plain noz- 
zle. For the multiple tubes and shrouds the peak rms impact pres- 
sure fluctuation of 0.078 mv occurred at a location 18 in. from the 
shroud exit. Downstream of the peak location the rms impact pres- 
sure fluctuation decreased similar to that observed for the plain 
nozzle and multiple tubes. 

The axial piezoelectric static pressure fluctuations for the various 
configurations at a jet Mach number of 0.7 were obtained with a 
sharp tip static pressure probe. Fig. 4 , and the results are pre- 
sented in Fig. 32e. For the convergent nozzle the rms static pres- 
sure fluctuations increased from the nozzle exit to a peak value 
of 0.066 mv at 16 in., which is located 2 in. farther downstream 
than the location of the peak impact pressure fluctuation, Fig. 

32b. Downstream of this peak location the static pressure fluctua- 
tions decreased slowly with distance to the 50 in. location, and 
beyond this point the static pressure fluctuations decreased more 
rapidly with distance. With the multiple tubes the peak rms static 
pressure fluctuation was 0.016 mv at 25 and 35 in. from the tube 
exit. And this peak value is approximately 1/4 of the peak rms 
static pressure fluctuation for the convergent nozzle. With the 
addition of the multiple shrouds to the tubes the peak rms static 
pressure fluctuation of 0.015 mv occurred at 40 in. from the shroud 
exit. This peak value is close to the peak value for the multiple 
tubes even though the Mach number for the multiple shrouds is lower 
than for the multiple tubes as shown in Fig. 32a. Evidently the 
large wetted surface in the multiple shrouds increased the viscous 
effects in the jet plume. 

7.3.2 Acoustic Characteristics 

The overall sound pressure levels as a function of the angular 
position from the jet axis for various configurations at a jet 
Mach number of 0.7 were determined in Ref. 9 and are presented in 
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Fig. 32d. The microphone was placed on a 10-ft. radius from the 
jet exit. For the 1-9/16 in. diameter convergent nozzle the peak 
sound pressure level occurred at the 19.1° location j and it decreased 
monotonically with angular position as observed previously in Refs. 
4, 7, and 8 for a 2 in. diameter convergent nozzle of subsonic Mach 
numbers. With 191 tubes the peak sound pressure level increased 
from the 19.1° location to a peak at 43.8° before decreasing with 
angular position. At the 19.1° location the sound pressure level 
was approximately 9 db less than that . observed for the plain noz- 
zle. The addition of the multiple shrouds to the tubes decreased 
the sound pressure level at the 19.1° position 13 db from that ob- 
served for the plain nozzle. The sound pressure level increased 
to a peak value of 83.2 db at approximately the 45° location, and 
then decreased to the 80° position after which it was nearly 
constant. 

In Fig. 32e the sound power spectra obtained in Ref. 9 for the 
convergent nozzle with various suppressor configurations are pre- 
sented for a jet Mach number of 0.7. For the plain nozzle the 
peak power of 112.8 db occurred at 4 KHz and at higher frequencies 
the power level decreased continuously to 16 KHz with an overall 
sound power of 120.5 db. With the 191 tubes the sound power level 
was less than that for the plain nozzle over the frequency range 
of 160 Hz to 16 KHz with the greatest difference of approximately 
15 db from 1 KHz to 4 KHz. The sound power level increased from 
5 KHz to 16 KHz and it approached the plain nozzle condition at 
the highest frequency. With these tubes the overall sound power 
level was 116 db which was 4.5 db less than for the convergent 
nozzle. By adding the multiple shrouds to the tubes the sound 
power level was decreased over the frequency range of 100 Hz to 1 
KHz from that of the multiple tube configuration. And over the 
frequency range of 1 KHz to 6.5 KHz the sound power level was 
slightly higher than for the multiple tubes. Over the frequency 
range of 6.5 to 16 KHz the sound power level was nearly constant 
and lower than for the tubes. The overall sound power level was 
112.7 db which was 7.8 db lower than observed for the convergent 
nozzle. Thus, the addition of the multiple shrouds to the tubes 
increased the suppression by 3.3 db, and similar results were ob- 
served in Ref. 7 and summarized in Ref. 10* 


a 
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8.0 CONCLUSIONS 


For subsonic jet Mach numbers, including the sonic Mach number, 
the velocity on the axis remained constant over a distance of 
approximately 5 diameters before decreasing in the fully developed 
subsonic turbulent region as x - ^. 


With a convergent nozzle at a jet Mach number of 1.4, the sonic 
velocity on the axis occurred at 13.7 diameters from the nozzle 
exit and the length of the supersonic region was proportional to 
Mj. Downstream of the sonic point in the fully subsonic turbulent 
flow region the velocity decayed as x” , similar to that observed 
for subsonic jets. 

Piezoelectric impact pressure fluctuations were determined on the 
jet axis, and for subsonic jet Mach numbers of 0.6 to 1.0 the peak 
pressure fluctuations occurred at approximately 9 diameters from 
the nozzle exit. For supersonic Mach number of 1.4 the peak pres- 
sure fluctuation occurred at 12.5 diameters, just ahead of the 
sonic point. In the fully developed subsonic turbulent jet the 
impact pressure fluctuations decreased as x -1 *' 4 for both subsonic 
and supersonic jets. 


The highest overall sound pressure levels occurred at an angular 
position of 19.1° from the jet axis for jet Mach numbers of 0.6 
to 1.4. For subsonic jets the sound pressure levels decreased 
monotonically with angular position from the jet axis. But for 
jet Mach numbers of 1.2 and 1.4 from a convergent nozzle, the 
overall sound pressure level decreased from 19.1° to 43.8° and 
then remained nearly constant for larger angular positions because, 
of the shock bottles. 


Power spectra for subsonic jets were quite similar with the peak 
power occurring at approximately 4 KHz for Mach numbers of 0.60 to 
1.0. At a jet Mach number of 1.4 the peak power occurred at a 
frequency of 5 KHz which corresponds to a Strouhal number of 0.64. 

Near-field sound pressure levels were determined with microphones 
placed radially at 2 to 8 diameters away from the nozzle exit. 

The overall sound pressures increased with axial distance and the 
variations were quite similar for jet Mach numbers of 0.6 to 1.0. 
But for Mach numbers of 1.2 and 1.4 the sound pressure levels at 
the jet exit plane were much, greater than observed for the sonic 
jet and the variations of the sound pressure level with distance 
were quite different than those observed for subsonic jets. 

From the near-field pressure measurements the distributions of the 
acoustic power transmission through a cylindrical surface for a 
given radial location of the microphone were determined for Mach 
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numbers of 0.6 to 1.4, and were found to be quite different for 
subsonic and supersonic jets. For Mach numbers of 1.2 and 1.4 the 
acoustic power distribution increased almost linearly from the jet 
exit to the sonic location. And by assuming acoustic power decay 
as x -6 in the subsonic region, the overall sound power levels were 
determined and the values agreed closely with those observed in the 
far-field. 

Overall sound power levels for Mach numbers of 0.6 to 1.5 were 
determined and compared with the subsonic theory of Lighthill and 
supersonic theory of Nagamatsu and Horvay. At a jet Mach number 
of 0.6 the overall sound power level agreed with Lighthill' s pre- 
diction, but at higher ^Mach numbers the experimental power levels 
were higher than the prediction. 

At supersonic jet Mach numbers the aerodynamic flow model and the 
acoustic power distribution agreed with the assumption used in the 
derivation of the supersonic jet noise theory of Nagamatsu and 
Horvay. The exponents a and 3 in the theory were evaluated for 
convergent and parallel flow nozzles as functions of the jet Mach 
number. Overall sound power levels for jet Mach numbers of 0.6 
to 1.4 were compared with the supersonic theory. 

The velocity contours for subsonic jet Mach numbers of 0.6 to 1.0 
were quite similar with the core extending to approximately 4 dia- 
meters on the axis for the 1 in. convergent nozzle. At supersonic 
Mach numbers of 1.2 to 1.4 the distance from the nozzle exit to 
the sonic location on the axis increased as M^, and the subsonic 
mixing region increased very rapidly with distance. 

Contours of the piezoelectric impact pressure fluctuations for 
Mach numbers of 0.6 to 1.0 were similar with the peak occurring 
in a toroidal region located approximately 4 to 6 diameters from 
the nozzle. For supersonic Mach numbers of 1.2 and 1.4 the peak 
fluctuations occurred close to the sonic velocity contour in the 
supersonic region of the jet. 

Analyses were made to show that the outputs of the piezoelectric 
impact and static pressure probes were related to the local mean 
velocity and density and turbulent velocity fluctuations. The 
turbulent velocity fluctuations in subsonic jets determined with 
hot-wire and laser doppler velocimeter technique were correlated 
with the piezoelectric impact and static pressure probe data and 
good agreement was obtained. 

The peak static pressure fluctuations occurred at approximately 
10 diameters for subsonic jet Mach numbers of 0.6 to 1.0, and 
downstream of the peak location the rms static pressure fluctuation 
decreased approximately as x - ^*^^. For supersonic Mach numbers of 
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1.2 and 1.4 the peak static pressure fluctuations occurred just 
ahead of the sonic location on the axis. 

Contours of constant rms piezoelectric static pressure fluctuations 
for jet Mach numbers of 0.6 to 1.0 were similar with the peak oc- 
curring close to r/rQ = 1,0 for axial locations near the nozzle 
exit. At distances farther downstream the peak location moved 
farther out radially. For Mach numbers of 1,2 and 1.4 the con- 
tours of the constant static pressure fluctuations were quite 
different than the contours for subsonic jet Mach numbers. The 
peak static. pressure fluctuations occurred close to the jet axis 
ahead of the sonic location for these Mach numbers. 

A supersonic jet noise suppressor consisting of 191 tubes and 
shrouds was investigated at jet Mach numbers of 1.4 and 0.7, and 
this suppressor decreased the primary jet Mach number drastically 
for both jet Mach numbers. Axial surveys with piezoelectric im- 
pact and static pressure probes indicated large reductions in the 
impact and static pressure fluctuations from the values existing 
for the convergent nozzle at supersonic and subsonic Mach numbers. 

With multiple tubes the Mach 1.4 jet noise level was reduced 15.3 
db and for the Mach 0.7 jet the reduction was 4.5 db. By adding 
the multiple shrouds to the tubes the noise level reduction for 
the Mach 1.4 jet was increased to 20.5 db, while the reduction for 
the Mach 0.7 jet was 7.8 db. 

A supersonic jet noise suppressor consisting of a single shroud, 
six small rods, and induced flow indicated the large reduction in 
the jet velocity at the exit of the shroud with and without the 
induced flow. The Mach 1.4 jet noise level was reduced 14.2 db 
with the shroud, rods, and induced flow, and without the induced 
flow the reduction was only 4.5 db because of the shock waves in 
the shroud. 

Sound pressure level spectra were determined for eight angular 
positions for the shroud with and without induced flow. The re- 
sults indicated that the shielding of acoustic radiation from the 
supersonic region by the shroud and induced flow was effective, 
but the shock wave generated noise within the shroud for no in- 
duced flow propagated to the outside through subsonic flow with 
little attenuation. 
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TABLE I 


ACOUSTIC POWER LEVELS FOR CONVERGENT NOZZLE, 
191 TUBES, 191 SHROUDS, AND SINGLE SHROUDS 


A. 


Outside Air Temperature ~ 20°F 

1) Pressure Ratio = 3.2, M. = 

3 


Configuration 

1-9/16" Dia. Convergent Nozzle 

191 Tubes 

191 Tubes, 6" Long Shrouds 
(x 1 = 3/16") 

191 Tubes, 6" Long Shrouds 
(x 1 =1") 

191 Tubes, 6" Long Shrouds (x, = 

2", no induced flow) 

191 Tubes, S ^2 Shroud 

2) Pressure Ratio = 1.4, IYL = 

1-9/16" Dia. Convergent Nozzle 

191 Tubes, 6" Long Shrouds 
(x 1 = 3/16") 

B. Outside Air Temperature , ~ 68°F 
1) Pressure Ratio = 3.2, = 

1-9/16" Dia. Convergent Nozzle 

191 Tubes 

191 Tubes, 6" Long Shrouds 
( X] _ = 3/16") 

191 Tubes, 3.335" Long Shrouds 
(x 1 = 3/16") 


1.4 


(db re 10 ^ watts) 

154.3 

138.3 

132.4 

136.7 

135.5 

138.7 

0.71 

123.6 

114.2 

1.4 

150.7 
135.5 

130.3 


(db 


Suppression 
from plain jet) 

-16.0 

-21.9 

-17.6 

-18.8 

-15.6 


- 9.4 


0 

-15.2 

-20.4 


131.7 


-19.0 



TABLE I (Continued) 


191 Tubes, 1.667" Long Shrouds 135.2 -15.5 

( Xl = 3/16") 

191 Tubes, S 3 8 Shroud 137.0 -13.7 
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FIG. 2 ONE INCH CONVERGENT NOZZLE AND FLOW FIELD SURVEY EQUIPMENT 



FIGURE 3 







FIGURE 4. Probes for Jet Exhaust Surveys 



FIG. 5 EIGHT INCH CALIBRATION SHOCK TUBE 
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FIG. 6 EXPERIMENTAL ARRANGEMENT b FOR JET TURBULENCE 
MEASUREMENT WITH LASER DOPPLER VELOCIMETER 




PIEZOELECTRIC QUARTZ PRESSURE GAUGE OUTPUT- MV 



PRESSURE JUMP ACROSS SHOCK WAVE AP - PSI 

FIG. 7 PIEZOELECTRIC QUARTZ PRESSURE GAUGE OUTPUT ASA 
FUNCTION OF PRESSURE JUMP ACROSS SHOCK WAVES 



VELOCITY RATIO ON JET AXIS, U/Uj 



FIG. 8a VELOCITY RATIO ON AXIS AND AXIAL TURBULENCE LEVEL WITH HOT-WIRE, 
LDV, AND PIEZOELECTRIC IMPACT PRESSURE PROBE FOR 3/4 INCH 
NOZZLE, Mj =0.3 


AXIAL TURBULENT VELOCITY FLUCTUATION, U'/Uj 



DISTANCE FROM JET EXIT, X/D 

FIG. 8b VELOCITY RATIO ON AXIS AND AXIAL TURBULENCE LEVEL WITH PIEZOELECTRIC 
IMPACT PRESSURE PROBE AND LDV FOR 1/2 INCH NOZZLE, Mj = 1.2 


STATIC PRESSURE FLUCTUATION - RMS - PSI 



FIG. 9a AXIAL RMS STATIC PRESSURE FLUCTUATIONS DETERMINED WITH 
PIEZOELECTRIC STATIC PRESSURE PROBE AND FROM HOT-WIRE 
TURBULENCE MEASUREMENTS FOR 3/4 INCH NOZZLE - Mj = 0.3 



STATIC PRESSURE FLUCTUATIONS, rms-psi 
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FIG. 9b AXIAL RMS STATIC PRESSURE FLUCTUATIONS DETERMINED WITH PIEZOELECTRIC 
STATIC PRESSURE PROBE AND LDV TURBULENCE MEASUREMENTS FOR 3/4 INCH 
NOZZLE Mj = 0.6 


VELOCITY RATIO ON JET AXIS, 



1.0 10.0 100 


DISTANCE FROM THE JET EXIT, X/D 

FIG.lOa VELOCITY RATIO ON JET AXIS FOR TWO INCH DIAMETER CONVERGENT NOZZLE. 



RATIO OF FLOW MACH NUMBER ON JET AXIS Mj/Mj m 
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PIEZOELECTRIC PRESSURE FLUCTUATIONS ON JET AXIS. RMS MV 


PIEZOELECTRIC PRESSURE FLUCTUATIONS ON JET AXIS. RMS mV 







STATIC PRESSURE FLUCTUATION AMPLITUDE- r ms - MILLIVOLTS 



FI6.I30 AXIAL STATIC PRESSURE FLUCTUATIONS FOR 2 INCH 
CONVERGENT NOZZLE 


DISTANCE FROM JET EXIT, X/D 

FIG.I3b VARIATION OF PIEZOELECTRIC STATIC PRESSURE FLUCTUATIONS 
ON JET AXIS WITH DISTANCE FROM JET EXIT FOR ONE 
INCH DIAMETER CONVERGENT NOZZLE 






PIEZOELECTRIC STATIC PRESSURE FLUCTUATIONS, P. , rms MILLIVOLTS 



FIG. 13c VARIATION OF PIEZOELECTRIC STATIC PRESSURE FLUCTUATIONS 
ON JET AXIS AS FUNCTION OF LOCAL MACH NUMBER FOR 
ONE INCH DIAMETER CONVERGENT NOZZLE 
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FIG. 14 CONSTANT MACH NUMBER CONTOURS 
INCH CONVERGENT NOZZLE, MjRst.O 











LIGHTHILLs MODEL FOR Mj < I 
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FI 6. 16 COMPARISON OF SUBSONIC AND SUPERSONIC 

JET AERODYNAMIC AND ACOUSTIC CHARACTERISTICS. 



SUBSONIC TURBULENT 



FIG. 17 PARALLEL FLOW SUPERSONIC JET EXPANDED TO AMBIENT PRESSURE 


JET CORE LENGTH, L c , AND SUPERSONIC LENGTH, 
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JET EXHAUST MACH NUMBER, Mj 

FIG. 18 JET CORE LENGTH, AND SUPERSONIC LENGTH, AS FUNCTION 
OF JET MACH NUMBER. 


ACOUSTIC POWER PER UNIT EXIT DIAMETER LENGTH, db, re IO "' 3 WATTS /DIA. 



FIG. 19a ACOUSTIC POWER GENERATED PER UNIT LENGTH OF THE JET 


ACOUSTIC POWER PER UNIT EXIT DIA. LENGTH, w, ~WATTS/DIA. 


OVERALL ACOUSTIC POWER LEVEL Mj =1.4 Mj = l.2 

L w - INTEGRATED OVER 2 NOZZLE DIA. CYLINDER 158 db 149 db 

L w - INTEGRATED OVER IOFT RADIUS SPHERE 156 db 148 db 



AXIAL DISTANCE FROM NOZZLE EXIT - X/D 

FIG. I9b-AC0USTIC POWER PER UNIT LENGTH OF JET OBTAINED WITH MICROPHONE 
TRAVERSE PARALLEL TO JET AXIS AT TWO NOZZLE DIAMETERS FROM 
NOZZLE PERIPHERY. 



ACOUSTIC POWER PER UNIT EXIT DIAMETER LENGTH AND UNIT SLUG MASS, WATTS/ DIA 



FIG. 20a ACOUSTIC POWER GENERATED PER UNIT LENGTH OF 
THE JET FOR JET MACH NUMBER OF 1.0. 


ACOUSTIC POWER PER UNIT EXIT DIAMETER LENGTH AND UNIT SLUG MASS, WATTS /DIA. 



FIG. 20b ACOUSTIC POWER GENERATED PER UNIT LENGTH OF THE 
JET FOR JET MACH NUMBER OF 1.5. 
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FIG. 21 o OVERALL SOUND POWER LEVEL IN d 
MACH NUMBER. 
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1500 *R 




Tf. « 3500 *R 
l ✓ 


2500 *R 


NA6AMATSU- HORVAY { a 6.2, 0 « 2.4 ) 

— LIGHTHILL />//>= 1.0 

LIGHTHILL pfP J.# |.0 

O POTTER AND JONES 
0 NAGAMATSU, SHEER AND PETTIT 
a NAGAMATSU, SHEER AND PETTIT, T t 538“R 

+ TATGE AND WELLS, T tj S 2000 ° R 


0 1000 2000 3 000 4 000 5 000 6000 

JET VELOCITY ~ FT/SEC 

FIG.2lb 'OVERALL SOUNO POWER LEVEL IN db PER UNIT SLUG MASS AS FUNCTION OF JET VELOCITY. 
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FIG 22 -SOUND PRESSURE LEVEL VARIATION PARALLEL TO JET AXIS 
AT 2 AND 4 DIAMETERS FROM NOZZLE EXIT. 



OVERALL SOUND PRESSURE LEVEL- db re .0002 MICROBAR 



FI6.23- OVERALL SOUND PRESSURE LEVEL AS A FUNCTION OF ANGULAR POSITION FROM 
JET AXIS FOR DIFFERENT JET MACH NUMBERS. 
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FI6.24-C0MPARIS0N OF SOUND POWER SPECTRA FOR PLAIN CONVERGENT JET 
AT VARIOUS MACH NUMBERS. 
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FIG. 25 OVERALL SOUND POWER LEVEL IN WATTS FOR CONSTANT 
MASS FLOW AS FUNCTION OF JET VELOCITY. 



FIG.26 -VALUES OF EXPONENTS a AND 0 OF NA6A MATSU -HORVAY SUPERSONIC 
JET NOISE THEORY AS FUNCTION OF JET MACH NUMBER FOR 
PARALLEL FLOW AND CONVERGENT NOZZLE WITH T t j= 520 # R. 
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FIG. 27a SOUND PRESSURE LEVEL VS FREQUENCY AT 8 ANGULAR POSITIONS 
FROM JET AXIS FOR 2 INCH DIAMETER CONVERGENT NOZZLE, Mj = 1.0 
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FIG. 27b SOUND PRESSURE LEVEL VS FREQUENCY AT 8 ANGULAR POSITIONS 
FROM JET AXIS FOR 2 INCH DIAMETER CONVERGENT NOZZ LE, Mj = 1.4 
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FIG.29o AXIAL MACH NUMBER DISTRIBUTION FOR 2 INCH DiAMETER 
CONVERGENT NOZZLE WITH AND WITHOUT SHROUD AND 
RODS 
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FIG. 29b OVERALL SOUND PRESSURE LEVEL AS FUNCTION OF ANGULAR POSITION FROM 

JET AXIS FOR 2 INCH DIAMETER CONVERGENT NOZZLE WITH AND WITHOUT SHROUD 
AND RODS 
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FIG.29c SOUND POWER LEVEL SPECTRA FOR 2 INCH DIAMETER CONVERGENT 
NOZZLE WITH AND WITHOUT SHROUD AND RODS 
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DISTANCE FROM THE AXIS OF THE CENTRAL TUBE-IN. 

FIG.3la MACH NUMBER PROFILE ACROSS EXITS OF MULTITUBES AND MULTISHROUD 
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FIG. 3lb-AXI AL MACH NUMBER VARIATION FOR MULTITUBES WITH AND WITHOUT SHROUDS 
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FIG.3M OVERALL SOUND PRESSURE LEVEL AS A FUNCTION OF ANGULAR POSITION 
FROM JET AXIS FOR MULTITUBES WITH AND WITHOUT SHROUDS 
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FIG.3lf VARIATION OF OVERALL SOUND POWER LEVEL REDUCTION AND PERCENTAGE THRUST 
LOSS FOR 191 TUBES WITH 191 -SHROUD LENGTH 
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AXIAL DISTANCE FROM NOZZLE, TUBE OR SHROUD EXIT, X- INCHES 

FI6.32a AXIAL MACH NUMBER DISTRIBUTION FOR MULTITUBES WITH AND 
WITHOUT SHROUDS, Mj = 0.7 
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FIG. 32C AXIAL STATIC PRESSURE FLUCTUATIONS FOR MULTITUBES WITH AND 
WITHOUT SHROUDS, Mj = 0.7 
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FIG. 32e SOUND POWER LEVEL SPECTRA FOR MULTITUBES WITH AND WITHOUT 
SHROUDS, Mj = 0.7 


